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Je voudrais y associer les membres du comité d’accompagnement et de lecture pour
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cent, J́erôme, Pavel et Thomas auparavant, le travail quotidien aurait ét́e tr̀es ṕenible.
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à Jonathan d’avoir toujours réponduà toutes mes questions même les plus stupides,
ainsi que pour son expérience en statistique. Mais surtout, grâceà vous deux, j’ai
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Introduction

The first public results published recently on the analysis of data taken during 2010
at theCERN Large Hadron Collider (LHC) revealed the excellent performance of the
detectors, the accuracy of their measurements and the good-control of the signal and
background rates out of proton-proton collisions. Therefore, there is no doubt that if
a yet-unprobed sector of the physics (Higgs, supersymmetry, . . .) is on their range of
possible measurements, a discovery is ”at the corner”. On the contrary, the amount
of statistics which will be recorded in 2011 would constitute a significant data sample
to put strong constraints on new physics. At the sight of thissuccess of theLHC, one
might wonder was it the reason to devote a research thesis to the interactions between
photons exchanged by beamline protons, especially when oneknows that it constitutes
only 1% of the total interactions. . .

However, as it will be demonstrated through the next chapters, two-photon interactions
may play a important role in the next years at theLHC. On the one hand, as a powerful
tool to calibrate the total integrated luminosity recorded by the experiments. This
quantity, as it directly connects the cross-section (from the theory) and the event rate
(from the experiment), is one of the most fundamental input used by the wholeLHC

scientific community. Although the value of the luminosity can be determined through
other methods, the exclusive two-photon production of muonpairs remains one of the
most accurate and reliable physics channel to measure it.

One the other hand, as a tool toprobe and to constrain new sectors in particle
physics. For instance, the detection ofnew charged pairs produced through two-
photon interactions would allow for a precise and event-by-event measurement of the
mass spectrum. This has to be put in contrast with the research in proton-proton inter-
actions which own a larger discovery potential ofBeyond the Standard Modelphysics,
but would struggle to do precision measurements.
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The advantages enjoyed by the two-photon produced events are driven by theaccu-
rate knowledge of the cross-sections and kinematicsof the these interactions, and
thestriking experimental signature of exclusive pair production. The first fact al-
lows to predict precisely rates and physical distributions; so that any deviations from
these expectations would be the sign of something ’new’. The second property makes
it easy to detect such interactions: after the (elastic) photon exchange, the proton re-
mains intact and is scattered at small angle. In exclusive two-photon interactions, the
final state is therefore composed of two forward scattered protons, the pair of charged
particles produced out the photons fusion and. . . nothing else!

However, it turned to be that the ”nothing else” is the most difficult to detect! In
particular because two-photon interactions are occurringat theLHC with a config-
uration which favors simultaneous interactions within thesame bunch-crossing, the
famouspileup effect. The properties of this ”nothing else”, namely theexclusivity
conditions of the event, are therefore one of the most difficult experimental character-
istics to determine. One has to deal with many theoretical and experimental aspects:
survival probability, inelastic photon-exchange, forward coverage, calorimeter noise,
low-pT track reconstruction, vertex position resolution,. . .

The possible upgrade of theCMS detector through the installation ofvery forward
detectorsa few hundred meters from the interaction point may however improve the
situation in the near future. With such dedicated detectors, one may thus tag a photon
interaction by the detection of the associated outgoing forward proton. The measure-
ment of the proton energy loss, and hence the photon energy, would bring valuable
extra information on the initial conditions of the event. This project, supported by the
High Precision Spectrometer(HPS) collaboration, has finally a chance to born during
the next longLHC shutdown. Once more, pileup effect will play a important role as
it may fake exclusive interactions when accidental proton hits in the forward regions
occur simultaneously with a measurement in the central detector. One way to suppress
this background consists in the measurement of the proton time of arrival inHPS, and
to check consistency with the central measurement positionwith z-by-timing method.
A prototype offast timing detector with ∼10 ps resolution, GASTOF, has been built
in Louvain-la-Neuve in the purpose of such measurements.



The study of these unusual interactions at hadron collidershas been conducted during
the thesis through their different facets: Monte-Carlo simulation, phenomenology, de-
tector commissioning, data processing,. . . to study the unique aspects of two-photon
interactions. Among them:

1. γγ properties: What are the expected rates of two-photon interactions at the
LHC? What is the effect of inelastic photon-exchange ?

2. Exclusivity conditions: How to characterize exclusivity in a complex detector
(CMS) at hadron collider (LHC)?

3. Two-photon production of muon pair: Is it possible to detect such events at
theLHC, even with significant pileup interactions?

4. Luminosity: Is thepp → pµ+µ−p process a good candidate to calibrate the
luminosity as it is claimed in literature?

5. HPS and new physics:With the installation of very forward proton detectors,
what kind of measurements are possible inγγ which are not in nominalpp
collisions?

6. Timing detectors: What is the rate of accidental background expected and how
much can be suppressed ?

This thesis divided between in four main parts:

I. The context

The general (and deliberately qualiqualitativee) state-of-the-art of the particle physics
knowledge at startup of theLHC is presented. The advantages of two-photon inter-
actions at hadron colliders are highlighted, and expected rates ofγγ interactions at√
s = 14 TeV ([1]) and7 TeV (original) are derived. They serve as a base for the cal-

culation of two-photon production cross-section, as for example for supersymmetric
pairs subject of the last chapter.

Specific Monte-Carlo techniques for lepton pairs production are detailed. For the
first time, the LPAIR generator is used in association with a dedicated simulation of
the proton remnant to produce together elastic, single-inelastic and double-inelastic
photons-exchange for theγγ → µ+µ− process studied later.



II. The experimental tools

A large overview of the current and future detectors used to select events produced
through two-photon interactions is compiled. It contains description of theCMS de-
tector [2] with an emphasis on the sub-detectors and reconstruction schemes used in
2010 to select exclusive events inpp collisions.

For the future upgrade ofCMS with very-forward stations [3], tagging acceptance is
computed for the newly chosen location of±240 m. Besides theγγ signal acceptance,
a full study of the proton accidental hits background is performed for the first time
considering the fullHPSsystem [3, 4]. Reduction of the overlap background rate with
GASTOF fast timing detector is taken into consideration, along with tests of detector
design to optimize the timing resolution [5].

III. The results

The experimental characterization of the exclusivity conditions within theCMS de-
tector is developed in the first section of this part. Starting with the original idea to
monitor the calorimetric tower noise for usage as a veto to inclusive events [6], it
clearly shows that theLHC configuration with pileup is spoiling this method. There-
fore, a completely new method establishing the exclusivitywithin the tracker only
–thanks to specific vertexing and tracking selection– is presented.

The demonstration of the performance of these new techniques is achieved with the
observation of theγγ → µ+µ− process with theCMS detector [7], among the data
recorded in2010 in pileup environment, for which data-driven efficiency corrections
are calculated and applied to the LPAIR Monte-Carlo samples.

The separation of the elastic signal from other contributions is done thanks to a novel
fit procedure, with a first application to the calibration of the2010 integrated luminos-
ity. Systematics related to exclusive process selection, signal extraction and experi-
mental uncertainties are estimated separately.

IV. The look forward

Finally, an exploratory research of theγγ physics potential with theHPSdetectors in
the beamline is presented. Using predicted rates from first studies, double-tag accep-
tance ofHPSderived previously, and the confirmation of the performancefor detecting
exclusive di-leptonic events, the two-photon production and detection of supersym-
metric pairs are investigated [8].



An empirical method is implemented, aiming to reconstruct the SUSY mass spectrum
with a few GeV resolution only. Overlap background effect isadded to the study, to-
gether with some specific methods to suppress it, including with GASTOFdetector [9].





Part I

The context
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Chapter 1

Motivation

“Big Bang machine scientists look to exotic findings”
Reuter Press (May 2010)

1.1 The purpose of the Large Hadron Collider

The purpose of high-energy physics is the study of the building blocks of matter
and the interactions between them. As a result of decades of research, an (almost)
complete comprehension of the fundamental elements and their properties has been
achieved. This is codified in the so-calledStandard Model(SM). On the one hand, the
constituents of the matter are point-like particles which can be grouped according to
some principles of symmetry; on the other hand, their mutualinteractions are driven
by elementary forces which can be explained within the framework of gauge field the-
ories.

All the particles can also be described as fields and their interactions as mediated by
gauge fields. Since the fields are quantized, the interactions can also be thought as
carried by particles. All the currently known matter and anti-matter particles can then
be described by fermionic fields, while the interactions arerepresented by bosonic
fields. The current scheme of classification, and the relatedissues, are listed afterward.

9
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The elementary interaction and matter particles

The bosonic sector of the SM contains three of the four elementary interactions and
their respective ’force carrier’: electromagnetic (mediated by the massless and neu-
tral photonγ), strong (mediated by 8 massless and color charged gluonsg, acting on
quarks only) and weak (mediated by massive bosonsW± andZ0). Indeed, it is not
clear if at the quantum level the gravitational force is mediated by gauge field and thus
can be described within this framework.

The fermionic sector contains the quarks and the fermions constituent of the matter.
For each matter particle, it also exists an anti-matter particle with the same mass and
life time but opposite quantum numbers (and consequently different electric charge).
The leptonsare composed of the electron (e−), muon (µ−) and tau (τ−), each hav-
ing electric chargeQ = −1 and no color charge; and their corresponding neutrinos
(νe,νµ,ντ ) which haveQ = 0.

Moreover, one can find sixquarks namely up (u), charm (c), top (t) with Q = 2/3

and down (d), strange (s) and bottom (b) with Q = −1/3. However, an important
consequence of the QCD theory is the confinement of the quarks: quarks don’t exist
as free particles but are confined into colorless hadrons composed of one quark and
one anti-quark, or three quarks, respectively calledmesonandbaryon.

As set of particles in nature have shown similar properties,this suggests the existence
of symmetries which, from a mathematical point of view, means use of group the-
ory. The symmetry group of the Standard Model contains the gauge groupSU(3)C

from the Quantum ChronoDynamics (QCD) theory describing the strong interactions
between colored quark and gluons, and the groupSU(2)L ⊗ U(1)Y of the unified
electroweak interactions proposed by Glashow, Weinberg and Salam (GSW), moti-
vated by the experimental observation of maximal parity violation, and constructed
with the gauge bosonsBµ andW i

µ, i = 1, 2, 3.

Classification of particles content in the GSW model is displayed in Table 1.1. Within
each generation,15 matter fields exist: 2L leptons, 1R lepton,2 × 3 L quarks and
2 × 3 R quarks1. Right-handed neutrinos are not included in the theory.

The major problem in the GSW model is that all the fields in the considered lagrangian
are massless and that any explicit mass term likemL̄LLR is allowed without breaking

1the factor3 is for the color
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Leptons 1st 2nd 3rd

LL

(

νe

e−

)

L

(

νµ

µ−

)

L

(

ντ

τ−

)

L

ER e−R µ−
R τ−R

Quarks

QL

(

u

d′

)

L

(

c

s′

)

L

(

t

b′

)

L

UR

DR

uR

dR

cR
sR

tR
bR

Table 1.1:List of known elementary particles constituent of matter with their electro-weak
quantum numbers. A similar table can be built for anti-matter, with anti-quarks and anti-leptons
(ū, d̄, e+, ν̄e, . . . ) .

the gauge invariance and the renormalization of the theory.Any of the gauge fields in
the theory can then be associated with the known gauge bosons. One possible solu-
tion to solve this problem is to introduce a spontaneous breaking of the electroweak
symmetry.

The Brout-Englert-Higgs mechanism

In order to introduce a spontaneous symmetry breaking and tosolve the mass problem
for fermions and gauge bosons, Brout and Englert [10] as wellas Higgs [11] have
postulated that these masses are generated dynamically through an interaction with
a new complex scalar doublet fieldφ , which is assumed to exist everywhere in the
vacuum. They design the potential (the famous ”Mexican hat”potential) so that the
groundstate, i.e. the minimal potential energy, is non-zero and is reachable for any
values of the phaseω so there exists an infinity of equivalent groundstates (φ = veiω).
As in quantum field theory only one vacuum state may exist, once a particular value
of the phase is chosen, it cannot change locally. Therefore,a non-zero vacuum expec-
tation value breaks the local gauge invariance.

When the electroweak interaction is imposed, a mixing between gauge boson states
takes place. TheW i

µ andBµ fields mix to give rise to four new gauge bosonsW±,
Z0 andγ.
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Hierarchy and fine-tuning problems of the SM

All the parameters of the SM, including the masses of the bosonsW±,Z0 andγ, have
been measured with high precision in various recent experiments and all theoretical
predictions are in good agreement with the present data. However, the Higgs boson
has not yet been discovered. As it can be seen on the left side of Figure 1.3,LEP

searches have put an lower boundmH ≥ 114.4 GeV at [12], andTEVATRON ones
have excluded it for158 ≤ mH ≤ 175 GeV [13], both at95% C.L. On the same
figure, one can see that the fit of the electroweak precision data tends to favor a light
Higgs boson mass (∆χ2 = 0 for mH = 95.7+30.6

24.2 GeV at95% C.L.).

Anyway, if the Higgs exists, the radiative corrections to its mass-squared, which come
at first order from the insertion of a fermion or boson loop in the Higgs propagation
line (see Figure 1.1), diverge quadratically at high energy:

∆m2
H ≃ O(Λ2) + . . .

whereΛ is the cut-off scale, i.e. the energy at which the integral isstopped to avoid
quadratic divergence. If any new-physics scale is introduced, it can be considered as
the unification scaleΛ ≃MPlank ≃ 1019 GeV.

H H

S

H H

f

f̄

Figure 1.1:First order correction to the mass of the Higgs boson due to a loop of fermion (left)
and boson (right).

This is part of the hierarchy problem of the SM: the mass of theHiggs tends to be
near the highest scale of the theory while indirect experimental data shows the con-
trary. One possible solution consists in a fine-tuning of theparameters bringing to
a cancellation between bosonic and fermionic loop. However, such a cöıncidence in
the parameters appears extremely unnatural. Moreover, if one tries to calculate higher
order corrections tom2

H , the divergences reappear at each order of perturbative ex-
pansion and need a new fine-tuning of the parameters.
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1.2 A motivation for Supersymmetry

One of the most popular theories assuming new physics at the TeV scale is the super-
symmetry, usually abbreviated by SUSY. It postulates a symmetry between fermions
and bosons, by assuming that each SM particle with a spinj has a supersymmetric
partner with spin (j − 1

2 ). The particle spectrum is then doubled and organized in su-
permultiplets: thechiral multiplets contain the spin1/2 matter fields and their scalar
partners; thevector multiplets contain the spin1 gauge fields and their fermionic part-
ners. All the particles in a supermultiplet have the same electric charge, weak isospin
and color. Many theoretical, phenomenological and experimental arguments exist in
favor of a such a symmetry upon the SM, among them:

• SUSY solves the fine-tuning problem:
The radiative correction to the Higgs boson mass-squared contains, in SUSY, both
fermion and boson loops (Figure 1.1) which, according to Feynman rules, contribute
with an opposite sign. The association of a scalar to each fermion automatically
cancels the quadratic divergences and solves the fine-tuning problem, providing that
the SUSY partners are not too heavy compared with the fermions of the SM, i.e.
mSUSY . 1 TeV.

• SUSY brings a candidate for Dark Matter:
By construction, supersymmetric potential could contain some terms violating the
baryon and lepton number conservation. Consequently, somemodels would predict
the spontaneous decay of the proton through the exchange ofd̃, which is ruled out by
current data. To avoid such unwanted terms in the potential,one usually introduces a
new symmetry calledR-parity which is multiplicatively conserved and defined by:

R = (−1)3(B−L)+j

whereB is the baryon number,L the lepton number andj the spin. By definition,
R = 1 for all matter particles andR = −1 for their super-partners. Some important
phenomenological consequences of theR-parity conservation are that:

• supersymmetric particles can only be produced by pairs of sparticle–anti-sparticle,

• the decay products of all SUSY particles must contain an odd number of sparti-
cles.

Consequently, the Lightest SUSY Particle (LSP) is heavy andnaturally neutral and
stable which makes it an excellent candidate for the dark matter[14].
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• SUSY yields unification of the coupling constants:
With the SM, the inverse gauge couplingsα1(Q

2) ∼ g′2,α2(Q
2) ∼ g2 andα3(Q

2) ∼
g2

S depend on the energy and run linearly withln(Q2). Althoughα−1
1 decreases with

Q2 whileα−1
2 andα−1

3 increase, the extrapolation of their trend never meet to a single
value (Figure 1.2, left). On the contrary, one expects a unification of these couplings
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Figure 1.2:Evolution of the inverse of the gauge constants in the SM (left) and in the MSSM
(right), for which the unification is obtained. The SUSY particles are assumed to contribute
only above the effective SUSY scale of about 1 TeV, which cause the change in slope in the
evolution.

at high energy, in the context of aSU(5) Grand Unification Theory. However, with
the introduction of a new SUSY scale around1 TeV, the unification of the constants
can be reached at a scale of1016 GeV (Figure 1.2, right).

• SUSY predicts low-mass Higgs boson:
The lightest supersymmetry Higgs boson should not weight more than140 GeV in
most of the SUSY models [15]. This constraint is in agreementwith the fit on the
current electroweak precision observable, which tends to favor a light Higgs boson
mass (Figure 1.3).

It has to be noticed that SUSY is not the only model solving themass hierarchy prob-
lem, or predicting the existence of new particles not yet discovered. One can cite
for example the theories of Extra Dimensions, Kaluza-Klein, Technicolor or the4th

generation to name the most famous ones.
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Figure 1.3:∆χ2 curve derived from the all electroweak precision observable (but theHiggs
boson mass) measured atLEP andTEVATRON, as a function ofmH , assuming the SM to be the
correct theory [16].

1.3 Physics at theLHC

In order to understand the origin of the electroweak symmetry breaking for which
the Higgs mechanism is supposed to be responsible for, and toprobe new sectors on
physics, theCERN accelerators facility center has made the choice to build a high-
energy proton and ion collider in the former tunnel of theLEP close to Geneva.

Starting from hydrogen atoms on which electrons have been removed, protons are in-
jected into a linear acceleratorLINAC 2 up to an energy of50 MeV. The next steps
of energy increase bring the protons to theBOOSTER(1.4 GeV), to the proton syn-
chrotronPS(26 GeV) where protons bunches are formed, and then to theSPS(450 GeV),
where there are then sufficiently energetic to be injected into theLHC ring, as repre-
sented in Figure 1.4. The operation is repeated24 times, injecting half clockwise
and half anti-clockwise. Final acceleration from450 GeV to7 TeV in theLHC is per-
formed through a radio-frequency (RF) system consisting of8 single super-conducting
cavities per ring, providing an electrical field of2MV/cavity at400MHz.

Once in theLHC ring, specific optics composed of1232 dipole magnets and992

quadrupole magnets are used respectively to keep the beam ontheir paths and to keep
it focused. Only at four points of the rings, the beams are crossed:
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• ATLAS (P1) andCMS (P5) are two general-purpose experiments, mainly con-
centrated on search of Higgs boson and new physics,

• ALICE (P2) for the study of heavy-ion collisions,

• LHCb (P8) looking for the CP-violation inb-quark interactions.

Four other caverns are equipped with beam instrumentation as the RF system (P4),
beam dump (P6) and collimators for the cleaning of the betatron (P3) and momentum
(P7) of the beam.

Figure 1.4:Representation of theCERN acceleration complex.

In 2010 run period, the accelerator machine ran with a energyper beam of3.5 TeV
rather then the nominal7 TeV for security reasons related to inter-dipole electrical
connections. Also, during few days in 2010, theLHC accelerated and collided heavy
lead nuclei (hence the nameHadron Collider). In that case, the acceleration chain
starts from theLINAC 3, followed by the Low-Energy Ion Ring (LEIR) which store
them before the injection to thePS. The primary goal of heavy-ion collisions is to
study the formation and decay of quark-gluon plasma: a new state of the matter, like
a dense ’soup’ of quarks and gluons formed at high temperature.
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The choice of a hadronic machine, despite the large success of the previouse+e− col-
lisions at theLEP, has many advantages compared to a leptonic machine, in terms of
discovery potential. Indeed, the nominal design of theLHC (3.5 TeV during phase I,
7 TeV for phase II) allows for parton interactions at the c.m.s. energy around1 TeV,
i.e. in high-energy region where new physics may appear, andprovides large lumi-
nosities, i.e. high rate of collisions.

However, the design also brings a lot of non-convenient effects. Firstly, as the interac-
tions happen between partons (quarks and gluons) which carry an unknown fraction
of momentum and energy of the incoming protons, the initial conditions of the event
remain unknown. Moreover, the parton density functions (PDF) of the proton have
never been measured at these energies, and are just extrapolation of fit from previous
experimental results. That leads to big uncertainties in the hard process cross-section
predictions as it factorizes into a hard scatter part and a long range part:

σpp→X =
∑

j,k

∫ 1

0

dx1 gj(x1, µ
2
F )

∫ 1

0

dx2 gk(x2, µ
2
F ) dσ̂jk→X (1.1)

wherega is the PDF which gives the probability for a partona of the proton to enter
the hard scatter with a fractionx of the original momentum.
Secondly, recorded events produced in hadron collisions have in general more com-
plex and less clean final states than at theLEP: strong interactions result in higher
track multiplicity due to gluon radiation, hadronisation of the proton remnant in the
forward direction and the multiple parton interactions. Final states of interest are then
embedded in a complicated jet-filled environment, as illustrated in Figure 1.5 showing
an inclusive dimuon event.
Finally, in order to reach such luminosities, theLHC will have to proceed to simulta-
neous multiple collisions per bunch-crossing (the so-calledpileup events, see Section
3.1) which will give rise to a large occupancy of the detectors.

On the contrary, high-energy photon interactions usually result in simple topology
of the initial an final states, and clean experimental environment. Properties of such
interactions have been studied in Section 2.1, while their experimental detection is
covered in Chapter 5.

Although the rate of photon interactions (as well as associated cross-sections) is rel-
atively small, studying processes mediated by photons at the LHC should bring com-
plementary results to the nominal parton-parton interactions with interesting tests of
the SM and searches for beyond SM.
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Figure 1.5:Event display of an inclusive dimuon events. The event contains 4 primary vertices,
172 tracks and 9 jets.
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1.4 First SUSY constraints from LHC

The first limits on supersymmetry have been published recently by theCMS collabora-
tion. As probing a specific region of the MSSM phase-space usually requests to look at
a particular final state, the observed limits are computed for each of SUSY signature
independently. The observed 95% C.L. limit for SUSY searches in the(m0,m1/2)

plane of the MSSM is shown in Figure 1.6. With the first36 pb−1 of data recorded in

Figure 1.6:Observed 95% confidence level limits in the MSSMm0, m1/2 parameter plane
for different signature searches.

2010 ,CMS put stronger exclusion limits than atLEP andTEVATRON. In particular, the
absence of excess of signal in the search of ’jets plus missing energy’-type of events
[17] set the best limits and especially excludes the low-massLM1 benchmark point.
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Chapter 2

Photon interactions at the LHC

“And God said, ’Let there be light’, and there was
light. God saw that the light was good ”

The Creation, Genesis

Photons interactions have been studied mainly atHERA to test the hadronic structure of
the proton. However, similar phenomena have been seen atTEVATRON [19, 20] and at
theLHC [7]. In this spirit, theLHC may be considered as a ’parasitic’ photon collider,
aiming to study photon-photon, photon-quark and photon-gluon interactions. This
chapter, devoted to photon interaction properties, is divided in three sections. First,
the phenomenology related to the different interaction types is explained in Section
2.1, followed by the introduction of a convenient mathematical framework design to
describe these interactions at high energy: the EquivalentPhoton Approximation in
Section 2.2. An alternative method using the full Matrix Element computation is
explained in Section 2.3. At the end of the chapter, a small section is devoted to the
experimental properties of other exclusive processes.

2.1 Photon interactions at high energies

Theγ-exchange in a collider experiment is characterized by striking experimental sig-
natures. Indeed, as colorless object is emitted from the proton, large rapidity regions
of the detector are devoted of any hadronic activity betweenthe central state and the
outgoing protons, and one usually refers to it asrapidity gaps. The experimental as-
pects related to the selection of exclusive events are established in Chapter 5.

21
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Moreover in case of elastic photon exchange, the incoming proton survives, is scat-
tered at almost zero-degree angle and escapes undetected along the beamline. Far
from the interaction point (IP), some dedicated very forward stations may detect this
proton, tag the photon-exchange and reconstruct their energies. Studies on the instal-
lation of such forward stations at240 m and420 m of the IP within theHPS project
are discussed in Chapter 4.

2.1.1 Two-photon interaction

Photon-photon fusion is the class of interactions where photons are emitted from both
sides. As shown in Figure 2.1, each of the two incoming protons emits a virtual pho-
ton. These photons fuse to give a systemX of particles which is centrally produced.
The proton either survives and is scattered at small angle incase of elastic emission,
either dissociates to a hadronic state in case of inelastic emission (Figure 2.4).

Among the photon-interactions processes, it is without doubt the most promising class
of events, in particular because the same physics as ine+e− collisions at theLEP can
be studied, but this time probed with energies above the electroweak scale. Moreover,

p p

p p

X

γ

γ

Figure 2.1:Feynman diagram for the exclusive two-photon elastic productionpp(γγ) → pXp

as there is any color flow on any sides of the interaction, two-photon induced processes
lead to the cleanest final states ever: only the result of the photons fusionX is pro-
duced out of the collision, in association with the two centrally-undetected scattered
protons.

The most interesting processes to be studied are the pair productions of non-strongly
interacting particles, as the diffractive background contamination is small and the
background from purely–hadronic interactions is easily suppressed based on low-
multiplicity of tracks and/or rapidity gap requirement. Inaddition, if the entire event
is reconstructed, transverse momentum will also provide large rejection power.
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Some examples of reachable final states inγγ fusion and their physics potential are:

• the direct pair production of ’new-physics’ massive particles, as4th generation,
SUSY [8, 21, 22], Extra-Dimension [23, 24]. An exploratory study of two-
photon production of supersymmetric pairs is presented in Chapter 8,

• search for Dirac monopole [25],

• exclusive SM Higgs production, in case of highHγγ coupling, or charged Hig-
gses [26],

• search for new massive gauge bosons with the anomalous (triple, quartic) gauge
couplings [27, 28, 29],

• search for unparticle physics interaction with SM [30],

• pair production of leptons for luminosity normalization attheLHC [31, 32], with
first measurements atCMS discussed in Chapter 7,

• pair production of leptons for HPS tracking stations alignment [3].

2.1.2 Photo-production

Photo-production refers to the class of processes where thephoton interacts with a
gluon or a quark (referred as the partonp̂) from the other proton, as represented in
Figure 2.2. It results in final states less clean than the photon-photon processes as
one side of the hemisphere involve a proton breaking, but oneexpects larger cross-
sections and larger c.m.s. energies. As cross-section calculations are partially based on
PDF, predictions are in general more uncertain. Physics potential of photo-production
includes [1, 33, 34]:

• measurements of the top quark mass and charge,

• constraint of theVtb CKM matrix element with associateWt production,

• observation of the SM Higgs, with associateWH in case of fermiophobic Higgs

• search for FCNC with the anomalous production of single-top
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p

γ
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X

p

q/g

p p

p p

γ

X

Figure 2.2:Left: Feynman diagram for the photo-productionpp(γp̂) → pXN ′. Right: Feyn-
man diagram for the diffractive photo-productionpp(γP) → pXp.

2.1.3 Diffractive photo-production

Diffractive photo-production is a sub-class ofγp interactions where the photon inter-
acts with a QCD color-singlet state. The process can be factorized in three steps1 as
shown of Figure 2.2, right : (a) the photon fluctuates into aqq̄ pair; (b) the pair inter-
acts , at leading order in perturbative QCD, with a two-gluonstate – called pomeron2

(P) – emitted from the proton which remains intact; (c) final state is formed from the
pair. Only states with the same quantum numbers than the photon can be produced:
ρ, ω, φ, ψ, J/ψ, Υ andZ boson. Unfortunately, the relative low-mass quarkonium
resonances likeJ/Ψ are decaying, when they are produced at low-pT as in diffractive
photo-production, to final states which are at the limit of the detection criteria for the
currentLHC experiments (smallpT , largeη), except if special triggers are dedicated
to these signals.

Since the photon emission is relatively well known, these kind of interactions may be
interesting to probe the pomeron flux from the other proton, and test the QCD satu-
ration effects resulting from non-linear gluon dynamics [35, 36]. Indeed, the cross-
section is proportional to the square of the gluon density inthe proton, which is sup-
pose to be higher at low-x. As a consequence, production rates are predicted to rise
as a function ofW , the photon-proton c.m.s. energy, and is expressed asσ ∼ W δ.
Various measurements atHERA as well as fit to extract theδ values are summarized in
Figure 2.3 [37]. The detection of exclusiveΥ (Section 6.5) andJ/Ψ (Section 6.6) at
the LHC will therefore extend the cross-section measurements at higher energies that

1This picture is however only valid in the reference frame of the proton which have emitted the photon,
i.e. in a reference frame where the photon moves very fast.

2The state is called pomeron in honor of the Russian physicist Pomeranchuck who studied the behavior
of vacuum state exchange and postulated the existence of a new reggeon.
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Figure 2.3: Diffractive vector meson photo-production measurements atHERA. The Wγp

dependence of the cross-section is parameterized asW δ, with δ extracted from fit [37].

what was probed inep collisions.

All the physics information is contained in thet variable which is the four-momentum
squared of the proton which does not emit the photon and is sensitive to correlations
between gluon pairs within the proton. This is related to previous quantities asδ =

4(α(t) − 1) with α the exchanged pomeron trajectory. Althought quantity cannot be
probed directly inγP interactions at theLHC, a good approximation is thep2

T of the
reconstructed vector meson.

2.2 The Equivalent Photon Approximation

Based on an original idea of Fermi [38] who pointed out that the field of a fast charged
particle is similar to an electromagnetic radiation which can be interpreted as a flux of
photons, Weizs̈acker [39] and Williams [40] independently proposed the introduction
of an equivalent real photon spectrum to compute the cross-sections for the interaction
of particles in relativistic motion.

In their article of 1975 untitled’The two-photon particle production mechanism’,
Budnev and collaborators proposed an extension of the Weisäcker-Williams method
including the treatment of photon virtualities [41]. The so-called Equivalent Pho-
ton Approximation (EPA) is an approximative method to compute cross-section of
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electromagnetic processes by considering them as interactions of fluxes of equivalent
photons. In the EPA, the scattering amplitude factorizes asto separate the photon ex-
changes (process-independent) from the photons interaction (process-dependent) with
the introduction of the equivalent photon spectrumdNγ :

dσpp(γγ)→pXp = σγγ→X ⊗ dNγ1
⊗ dNγ2

(2.1)

This approximation consists to consider the photon as real and without polarization,
which is valid only in case of low-virtuality photon exchange. As a consequence,
the EPA can only be applied in situations where the cross-section is not sensitive to
the virtuality of the photon, i.e. not for too low mass systemX. Moreover, this
corresponds only to the region of small proton scattering angles. One example of the
”inapplicability” of the method is for the cross-section ofthe two-photon production
of lepton pairspp(γγ) → pℓ+ℓ−p. One has then to use the exact matrix element
solution computed with dedicated numerical methods as explained in Section 2.3.

After defining the following quantities related to the kinematics of the photon-induced
process:

• pµ the colliding proton momenta,

• p′µ the scattered proton momenta,

• qµ = pµ − p′µ the virtual photon momenta,

• Q2 = −(pµ − p′µ)(pµ − p′µ) the momentum transfer,

• x = Eγ/Ep the photon/proton energy fraction,

one can write the spectrumdNγ [41, 42, 43]:

dN =
α

π

dQ2

Q2

dx

x

[

(1 − x)

(

1 − Q2
min

Q2
FE(Q2)

)

+
x2

2
FM (Q2)

]

(2.2)

whereFE andFM functions are the electric and magnetic form factors of the incom-
ing particles.

The number of equivalent photons (or the photon spectrum) iscalculated by integra-
tion over the whole virtuality range:

fγ(x) =
dN

dx
(x) =

∫ Q2

max

Q2

min

d2N

dQ2 dx
(x,Q2)dQ2 (2.3)

and is shown at Figure 2.5 for elastic and inelastic contributions.
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Elastic photon exchange flux

In the literature, a photon exchange for which the proton remains intact is called
elastic production. In that case, in the equation of the spectrum (2.2), theFE and
FM functions take the values:

FE(Q2) =
4m2

pG
2
E +Q2G2

M

4m2
p +Q2

FM (Q2) = G2
M (2.4)

using the convenient dipole approximation for the proton form factor

GE(Q2) =

(

1 +
Q2

Q2
0

)−2

GM (Q2) = µp

(

1 +
Q2

Q2
0

)−2

(2.5)

with µp = GM (0) = 2.79 andQ2
0 = 0.71 GeV2 the dipole form factor [41].

The fluxdN/dx is found using (2.3) with:

Q2
min ≃ m2

p

x2

1 − x
; Q2

max = 2 GeV2 (2.6)

The upper term is motivated by strongγ-exchange suppression due to the presence
of electromagnetic form factor and to the finite spatial charge distribution of the pro-
ton [41], while the minimal value is a kinematical limit. Thefull computation [41] is
shown in Figure 2.5. One can notice that the spectrum is strongly peaked for low-x
values which means that the flux will be mostly composed of low-energetic equivalent
photons. As the flux drops with virtuality as∼ 1/Q2, for low-x the virtualities are in
general small,〈Q2〉 ≃ 0.01 GeV2. As a consequence, the low-virtuality approxima-
tion made in EPA is valid in most of the cases. From the kinematic point of view, that
implies very small proton scattering angles,∼ 20µrad [42].
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Inelastic photon exchange flux

Within some conditions, the proton dissociates due to the photon exchange into a
hadronic systemN with low-massmN :

mN = p′µp′µ (2.7)

as schematically represented in Figure 2.4. In the literature, these kind of processes are
calledinelastic productions. We usually call semi-elastic production, thetwo-photon
interaction where one of the proton survives and the other one breaks. Similarly,
fully-inelastic production refers to processes where bothprotons dissociate. TheFE

p p

p

X

γ

γ

N

Figure 2.4:Feynman diagram for inelastic productionpp(γγ) → pXN

andFM functions are integrated functions of the proton structurefunctionF2(xb, Q
2)

[42]:

FE(Q2) =

∫

F2(xb, Q
2)

xb
dxb

FM (Q2) =

∫

F2(xb, Q
2)

x3
b

dxb (2.8)

with the Björgenxb ≃ Q2/(m2
N + Q2). This is equivalent to perform integral over

the photon virtualities and overmN from mp to mmax
N which is taken as20 GeV

in the next computations. TheF2 values can be extracted experimentally from the
cross-section measurement ofγ∗p interactions [44].

The fluxdN/dx is found using (2.3) with:

Q2
min ≃ m2

N

x

1 − x
; Q2

max = 300 GeV2 (2.9)

and is shown at Figure 2.5.
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Figure 2.5:Number of equivalent photons in case of elastic (plain) and inelastic (dash) photon
exchange, as a function ofx = Eγ/Ep. Horizontal and vertical axis are log-scaled.

Photon luminosity

In the EPA, electromagnetic interactions between charged hadrons are seen as interac-
tions of photons. From this point of view, theLHC can thus be considered as a photon
collider and the relative photon luminosity, i.e. the fraction of the luminosity which
involves photon interactions to the nominal luminosity, can be computed within the
same framework using theQ2-integrated luminosity spectrumfγ (2.3).

In case of two-photon interaction, the luminosity spectrumLγγ includes the integrated
flux of each photon and is defined as:

dLγγ

dWγγ
=

∫ 1

W 2
γγ/s

2 Wγγ fγ(x) fγ

(

W 2
γγ

xs

)

dx

xs
(2.10)

with

Wγγ = 2
√

Eγ1
Eγ2

the photon-photon c.m.s. energy (2.11)

s = 4E2 the proton-proton c.m.s. energy (2.12)

The relative luminosity spectrumdLγγ

dWγγ
is shown at Figure 2.6 for elastic-elastic,

elastic-inelastic and inelastic-inelastic processes. Two incoming proton energies are
taken into consideration:3.5 TeV and7 TeV. Again, one should note that since the
spectrumdNγ is peaked for low-energy photons, the averageγγ c.m.s. energies are
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relatively small compared to what is accessible in nominal parton-parton interactions,
but extend to1 TeV and even beyond.

The two-photon luminosity is then found by integrating the equation (2.10) over the
γγ c.m.s. energy. The spectrum is also shown in Figure 2.6 as a function of the
minimumγγ energyW0 to compute the integral,i.e.

∫∞
W0

dLγγ

dWγγ
dWγγ .

One finds that, forW0 = 10 GeV, the elastic-elastic integrated luminosity reaches
1.67% (1.08%) for

√
s = 14 TeV (7 TeV), and the total available luminosity includ-

ing inelastic photon-exchanges is 3.1% (2.2%). Although the relative luminosity is
strongly peaked for low-Wγγ values, the fraction of the totalpp luminosity available
for elastic two-photon interactions is still 0.1% forW0 = 226 GeV (114 GeV). Tak-
ing into account the nominalLHC luminosity of 1034cm−2s−1, this leads to large
production rate despite the relative low cross-sections.

Cross-sections

For cases where the EPA is satisfied, the proton-proton cross-section can be written
as the convolution of the probability of the proton to emit a photon with the photon-
photon(parton) cross-section:

dσpp(γγ)→pXp = σγγ→X(Wγγ) dN(x1, Q
2
1) dN(x2, Q

2
2)

dσpp(γp̂)→pXN ′ = σγp̂→X(Wγp) dN(x,Q2) (2.13)

Using the equivalent luminosity spectrum defined in (2.10),it turns to:

σpp(γγ)→pXp(s) =

∫

√
s

W0

dLγγ

dWγγ
(Wγγ , s) σγγ→X(Wγγ) dWγγ

σpp(γp̂)→pXN ′(s) =

∫ 1

xmin

fγ(x) σγp→X(x, s) dx (2.14)

It depends only on the energy of the incoming proton (which modify the flux), the
charge of the produced particles, the mass and the spin, as shown in Figure 2.7 on
which is displayed the elastic-elastic cross-section for different mass and spin state
pairs. As any parton density function of the proton has to be accounted, it makes
the two-photon interactions extremely well-known processes. Taking into account
inelastic photon-fluxes, for which uncertainties remain large and without possibility
of forward double-tag, the total cross-section is roughly afactor3.5 higher than the
elastic-elastic value.
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Figure 2.7:Proton-proton doubly-elastic cross-section for the two-photon production of scalar
(spin0), fermion (spin1/2) and vector (spin1) pairs as a function of the particle mass, using
the EPA coded into CalcHEP.

Survival probability

On top of the Equivalent Photon Approximation, we have to take account of the
hadronic structure of the proton and add the rescattering effect, i.e. secondary strong
interactions between spectator partons. This rescattering, because it happens simul-
taneously to the photons fusion, has an impact on the experimental signatures with
gap requirement. Indeed, color exchange will force the proton to hadronize and then
produce multiple secondary soft particles which will fill the rapidity gap, similarly to
what happens in an inelastic photon exchange. For instance,at theTEVATRON, the
rate of exclusive dijet events was measured to be lower by a factor 10% compared to
the predicted value [45].

In order to take this effect into account, thesurvival probabilityS2 has been introduced
in the literature as a correction factor to the theoretical cross-section. The factorS2

has not a unique value but depends on the kinematical configurations of the incoming
hadron, the final states interactions and the impact parameter as

S2 ∼ d ∼ 1
√

Q2
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which means that for low impact parameterd, the interactions stands inside the strong
interaction radius and the protons can ”feel” each other, leading to a small value of
the survival probability. As the averageQ2 increase with the energy, we expect lower
survival for higher c.m.s. energies.

Two-photon interactions, since they are characterized by large impact parameters, are
in general not much affected by the rescattering and the survival probability is around
one. On the contrary, for interactions between photon and quark or photon and gluon,
the probability that the survival proton interacts strongly with the other one is higher.
In general, one also hasS2(γγ) > S2(γP) > S2(PP). Various theoretical predictions
exist in the literature, with different models, inputs or methods of computation. With-
out being exhaustive, here are a few examples of computations for different exclusive
processes:

• The rescattering correction for the two-photon productionof muon pairs was
calculated in [31] for muon pairs produced at

√
s = 14 TeV, with an invariant

massmµµ = 20 GeV and at zero-rapidity. The correction is function of thepT

of the pair and gives1− S2 < 10−4 for pT = 10 MeV and1− S2 < 6× 10−4

for pT = 30 MeV.

• Similar calculations for theγγ → H process predictsS2 = 90% for a Higgs
mass of 120 GeV at

√
s = 14 TeV in [46].

• In theW production via photon-exchangeγp → W +X, the rescattering sup-
presses the cross section by a factor of about 4 for|t| ≃ 0.1 GeV2 [47].

• Finally, the Higgs production through central exclusive process (see Section 2.4)
is even more subject to rescattering effect. Using two possible values of the pro-
tonb-slope, one gets a survival factor in the range2.4%−4.5% for a Higgs mass
of 120 GeV [48, 49].

Rescattering can also appear in inelastic cases, but has a different meaning. The pro-
ton has already dissociated, so the secondary interactionshappen between secondary
particles of the proton remnant. These kind of interactionsare not well known and
thus contribute a lot to the uncertainties for the inelasticprocesses cross-sections.
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2.3 The LPAIR generator

As already quoted, the EPA can only be used under some specificconditions, includ-
ing the fact that the cross-section is insensitive to the photon virtualities. Therefore,
this approximation is not valid for two-photon production of low-massX system,
for instance theγγ → ℓ+ℓ− process. In that case, the only alternative to compute
cross-sections and kinematics is to use the full matrix element (ME) computation.
The LPAIR generator [50] is a stable computer program devoted to the simulation of
electro-magnetic production of lepton pairs in lepton-lepton, lepton-hadron or hadron-
hadron interactions through two-photon interactions.

The Monte-Carlo event generation is based on a stable formula [51] adapted to take
into account the specificities of the two-photon interactions. On the one hand, as there
are two photons in thet-channel, most of the cross-section is found to come from the
very small|t| values of the protons, i.e.σ ∼ t−1

1 t−1
2 . Severe problems appear then

when one tries to integrate it numerically (especially an integration over an experi-
mental acceptance only), except if the integral over the phase-space is reformulated.
On the other hand, the evaluation of the ME itself for such processes in a standard
”Feynman rules” fashion would lead to bad cancellations between various terms.

The philosophy of LPAIR is therefore to consider kinematically the two-photon inter-
actions as a2 → 3 process like in Figure 2.8. All theγγ physics kinematical prop-

p2 Y2

p1

X

γ

γ

Y1

Figure 2.8:Kinematics of theγγ process as it is considered in the LPAIR program.

erties can be found in this system, independently of the particle content of the three
final systemsY1, Y2 andX. Once the amplitude for the sub-reactionγγ → µ+µ−

has been written in a gauge-invariant way and the ME evaluated for this sub-reaction,
the result is multiplied by a structure function of the proton available. For the elas-
tic signal, in which protons behave like point-like particles, one needs to multiply by
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the electromagnetic dipole form factor [52], to take into account the finite size of the
proton.

In order to simulate the fragmentation step in case of inelastic photon exchange, the
Lund shower Monte-Carlo [53] implemented in the JetSet software [54] is used, with
two different structure functions on choice. FormN < 2 GeV andQ2 < 5 GeV2,
the Brasse ’cluster’ fragmentation is chosen [55] while for the other cases the Suri-
Yenni ’string’ fragmentation is applied [56]. In the first case, the low-mass systemN
mostly decays to a∆+ or ∆++ resonance, which results in a low multiplicity states.
On the contrary, in the second one, the high-mass system usually decays to a variety of
resonances (∆, ρ, ω, η, K) which produce a large number of forward protons, pions,
neutrons and photons. The pseudo-rapidity3 spectrum of the beam remnant particles
is shown in Figure 2.9.
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Figure 2.9: Pseudo-rapidity (η) distribution particles produced in the proton fragmentation
after inelastic photon emission. The events are simulated with LPAIR interfaced with JetSet
andEp = 3.5 TeV, 1.07 < mN < 320 GeV.

The kinematical distribution of the particles in the protonremnant –and hence its
visibility by central detectors– as function of the generated massmN of the proton
remnant has been checked in Figure 2.10 using LPAIR + JetSet.The left side shows
the most central particle pseudo-rapidity (ηmin) chosen among all particles simulated
in the remnant, while the right side is for all particles withE > 5 GeV.

One can notice that for the large majority (z axis is log scaled) of the events generated,
the remnant mass is smaller than25 GeV and is usually not visible byCMS central

3pseudo-rapidity is defined in (3.4).
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detectors asηmin > 5 on average. For largemN , the number of produced forward
objects increases and thus the probability to have part of the remnant produced within
the acceptance ofCMS. This detection efficiency ofCMS to the proton remnant from
inelastic photon exchange is demonstrated in Figure 2.11 which shows the fraction of
events for which the most central particle with energy larger than 5 GeV (10 GeV) is
in the acceptance of central detectors|η| < 5. One can notice a turn-on curve of the
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probability betweenmN ≃ 5 GeV (f = 0%) andmN ≃ 40 GeV (f = 100%). That
result is hence directly usable to justify themN < 20 GeV cut that was set earlier to
compute the inelastic photon flux as it turned to be very rare that such high masses are
produced. In addition, in such cases, most of events would beaccompanied by visible
remnant.

2.4 Central exclusive production as a background

As already introduced before, photon interactions at hadron collider lead to unusual,
striking experimental signature: a central systemX, forward region devoted of any
activity and presence of undetected scattered protons. However, background processes
resulting in the same topological final states have to be considered.

Indeed, exclusive states may also occur from central exclusive production (CEP) in
which one gluon from each proton fuse to produce the central systemX. In addition, a
second color-screening gluon is passed between the interacting protons which allows
them to remain intact, as seen for instance in Figure 2.12. The major experimental
difference with respect to two-photon processes is the transverse momentum of the
scattered proton which is, on average, larger in diffractive processes than inγ-induced
ones.

p

p

p

p

X

Figure 2.12:Feynman diagram for the exclusive central productionpp(CEP ) → pXp.
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Chapter 3

The Compact Muon Solenoid
experiment at the LHC

“There are three principal means of acquiring
knowledge. . . observation of nature, reflection, and
experimentation. Observation collects facts; reflec-
tion combines them; experimentation verifies the re-
sult of that combination.”

Denis Diderot (1713 - 1784)

The CMS experiment is a general multi-purpose detector, with a structure in layers
designed to enclose at maximum the collisions happening at the center of the detec-
tor. Following the general layout of a modern collider-physics experiment, theCMS

detector consists of a series of sub-detector with specific aims: a tracker to reconstruct
the kinematics of charged particles, an electromagnetic and hadronic calorimeters to
measure the energy ofγ, e± and hadrons, plus some additional muon chambers for
the measurements ofµ±. All sub-detectors are immersed in a high magnetic field to
ensure precise momenta measurements.

The chapter is divided in 6 main sections: an introduction totheLHC accelerator char-
acteristics for physics (3.1), an overview of theCMS detector and its purpose (3.2), a
detailed description of the central (3.3) and forward (3.4)sub-detectors, the principles
of event reconstruction (3.5) and a highlight on the relevant trigger properties for the
following analyzes (3.6).

41
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3.1 The Large Hadron Collider

The number of interactions per collision occurring at the interaction point ofCMS (IP5)
is function of theLHC beam configuration only and follows a Poisson distribution with
a central value of

µ = σinel × L
nb frev

(3.1)

where:
• σinel is the total inelastic cross-section,
• nb is the number of colliding bunch pairs in the LHC ring,
• frev is the revolution frequency,frev = f/3564,
• f is the collision frequency, i.e.40 MHz,
• L is the instantaneous luminosity which is given by:

L =
γnb frev N

2
p

4π ǫ β∗ S (3.2)

with Np the population of protons per bunch,ǫ the transverse beam emittance,β∗ the
betatron function at the IP1. The geometric luminosity reduction factorS depends on
the bunch length (σz), the transverse beam size (σx = σy) and the crossing angle (α)
via:

S−1 =

√

1 +

(

σz

σx

)2

tg2
(α

2

)

(3.3)

The design luminosity value will reach1034 cm−2s−1, which leads to almost1 billion
proton-proton collisions per second.

The factornb/3564 derives from the fact that onlynb of the3564 bunches in the train
will be filled with protons while injecting in theLHC. This beam structure is deter-
mined by the injection scheme and the beam dump kicker rise time of thePS, SPSand
LHC and allow for maximumnb = 2808.

The main bunch configurations, in addition to the luminosityrecorded byCMS during
these fills are displayed at Table 3.1 and plotted in Figure 3.1.

1These quantities are related to physical ones withσx σy = ǫ β∗
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Start Duration nb Np(×1011) 1/f α
2 [µrad] L [nb−1]

25 May 10h 8 3 single 0 5
02 Jul. 37h 4 6 → 8 single 0 46
15 Jul. 38h 8 11 → 12 single 100 114

06 Aug. 93h 16 21 → 24 multi 100 626
19 Aug. 17h 16 42 multi 100 227
22 Aug. 16h 36 45 1250ns 100 362
24 Aug. 14h 35 44 1000ns 100 328
28 Aug. 14h 1 51 single 100 313
29 Aug. 11h 35 53 1000ns 100 304
22 Sep. 14h 1 25 → 30 single 100 143
23 Sep. 16h 47 57 → 60 150ns 100 743
25 Sep. 38h 93 100 → 114 150ns 100 1964
30 Sep. 25h 140 156 → 181 150ns 100 2081
04 Oct. 20h 186 194 → 223 150ns 100 2825
08 Oct. 25h 233 264 → 278 150ns 100 5974
16 Oct. 12h 295 300 → 380 150ns 100 2812
24 Oct. 11h 295 380 → 405 150ns 170 2686
25 Oct. 42h 348 430 → 465 150ns 100 20984

Table 3.1: Main LHC bunch configurations for 2010 run.Duration is the cumulative time
of life for all fills with the same bunch scheme. The number of protons perbunchNp may
have varied for differentLHC fills with the same bunch configuration.L is the rounded total
integrated luminosity recorded by theCMS detector, taking into account efficiency. In total, this
corresponds to roughly 43pb−1 from which 40pb−1 have been declared as valid for ’Muon’
physics analysis (tracking and muon system flagged as good).

3.2 CMS detector overview

The central feature ofCMS is a super-conducting solenoid magnet (3.8 T), of 6 m
internal diameter and 13 m long, providing a large bending power for an efficient mo-
mentum measurement of high-energy charged particles. In the return field outside the
magnet, 4 muon stations are embedded within the iron return yoke which is used as
a hadron-absorber. Each station is composed of several layers of gaseous detectors:
technology of drift tubes is used in the barrel, and cathode strip chambers in the end-
caps; all complemented by resistive plate chambers.
Within the field volume is the silicon pixel and strip tracker, the crystal electromag-
netic calorimeter, and the brass-scintillator hadronic calorimeter. Finally,CMS has
also extensive forward calorimetry. All these sub-detectors are described in the next
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Figure 3.1:Total integrated luminosity delivered to, and recorded byCMS during stable beam
at
√

s = 7 TeV.

sections, emphasizing the one particularly used in the analyzes.

A 3D-view of the main sub-detectors and their locations is displayed in Figure 3.2.
The longitudinal and transverse views, with technical lengths, are shown in Figure
3.3.

Compact Muon Solenoid

Pixel Detector

Silicon Tracker

Very-forward
Calorimeter

Electromagnetic 
Calorimeter

Hadronic
Calorimeter

Preshower

Muon 
Detectors

Superconducting Solenoid

Figure 3.2:CMS detector3D view
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The design of the detector has been chosen to fulfill the primegoals of the LHC
programs:

• for the search of the Standard Model Higgs boson in the range2mZ < mH <

600 GeV , one needs a good muon identification, momentum resolution, plus a
good dimuon mass resolution for theH → ZZ → µ+µ−µ+µ− process;

• within the range114 GeV < mH < 2mZ , the two-photon decay mode of
the Higgs requests good electromagnetic energy resolution, fine EM granular-
ity, good diphoton mass resolution, wide geometric coverage,π0 rejection, and
efficient photon and lepton isolation;

• for masses above700 GeV where theWW andZZ fusion mechanism becomes
important, the tagging of resulting high-energy jets in theforward region re-
quests hadron calorimeters with a large hermetic coverage and with fine lateral
segmentation;

• the physics beyond the Standard model in general , and supersymmetry in par-
ticular, predicts signatures with significant missing energy which demand good
missing transverse energy resolution;

• the cascade decays of supersymmetric particles result in anabundance ofb-
jets andτ -jets, demanding an efficient triggering and offline taggingof these
particular jets with tracking detectors close to the interaction region;

• the search of new massive vector bosons asZ ′ → ℓ+ℓ− needs also good lepton
momentum resolution and ability to determine unambiguously the charge up to
E ≃ 1 TeV.

Along the next lines, the pseudo-rapidityη is used instead of the polar angleθ:

η = −ln
(

tg
θ

2

)

(3.4)

and varies from0 (θ = 90◦) to infinity (θ = 0◦). The jargon usually refers to low-η
region as thecentral region, while large-η ones are calledforward regions.
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Figure 3.3:Two-dimensional views of theCMS detector. Top: Longitudinal view of a quarter
of detector with metric and rapidity coordinates (the muon station ME42 is missing on the
drawing). Right: Transversal view,z = −2,−1, 0, 1, 2 depending on the wheel concerned. All
dimensions are indicated for magnetic field off.
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3.3 Central sub-detectors

The central region ofCMS is composed of tracking and calorimeter detectors which
cover roughly the region between−2.5 . η . 2.5 and−3 . η . 3 respectively
(see Figure 3.3). The arrangement, aiming to enclose at maximum the interaction
point of the collisions, implies a different orientation ofthe detectors with respect to
the beamline based on their position. As the modules are placed like on a cylindrical
surface, one refers to the ”barrel” region when they are oriented parallel to the beam
and to the ”endcap” regions for locations with detectors placed perpendicular to beam.

Pixel and Strip detectors

The tracker ofCMS, the closest sub-detector to the interaction point, aims tothe mea-
surements of charged particles originating from the collisions and propagating to the
outer in an homogeneous magnetic field of3.8 Tesla. In addition, informations col-
lected with several close tracks is used to reconstruct primary and secondary vertices
(see 3.5.2).

Full silicon technology is used for the sensitive module in order to fulfill the require-
ments to have high-granularity and fast response, while limiting the amount of ma-
terial to avoid as much as possible multiple scattering, bremsstrahlung,γ conversion
and nuclear interactions. Furthermore, silicon is supposed to be radiation-hard able to
survive the high rate density of1 MHz/mm2 on the first layer located at a radius of
4 cm from theIP [2].

The tracker is constituted of 4 different sub-systems as represented in Figure 3.4:

• the pixel detector (PXL) made of 3 cylindric layers of cells (100 × 150 mm2)
at radii of 4.4, 7.3 and 10.2 cm in the barrel, complemented by2 disks on each
endcap side. It delivers 3 high-precision space points at the beginning of the
trajectory.

• the Tracker Inner Barrel (TIB) and Disks (TID) extend in radius up to 55 cm and
are composed of 4 barrel layers plus 3 disks of silicon strip sensors. It delivers
up to 4 measurements on the trajectory with a point resolution between 23µm
and 35µm.
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Figure 3.4:Schematic cross-section through the CMS tracker. Each line representsa detector
module, double lines indicating back-to-back modules [2].

• the Tracker Outer Barrel (TOB) with an outer radius of 116 cm consists in 6
layers of strips. It provides another 6 hit measurements with 35µm and 53µm
resolution.

• the Tracker Endcaps (TEC) cover the region between 124 cm< |z| <282 cm
and consist in 9 disks with rings of silicon micro-strips.

Strips are put in parallel to the beam axis in the barrel and radial in the endcaps. In
addition, the modules in the two first layers and rings ofTIB, TID andTOB, as well as
rings 1, 2 and 5 ofTECs carry a second strip module which is mounted with a stereo
angle of 100mrad to provide a measurement of thez coordinate in the barrel and the
r coordinate in the disks. This layout ensures to particles emitted within |η| < 2.4 to
have at least 9 hits in the silicon strip detector with at least 4 two-dimensional mea-
surements.

The length and thickness of the strips vary with the distanceto the IP in order to
keep the occupancy at an acceptable level. The total material budget increases then
from 0.4X0 at η = 0 to 1.8 X0 at |η| = 1.4, beyond which it falls to about1 X0 at
|η| = 2.5. TheCMS tracker surface covers 200m2 of active silicon area, with a total
of 9.3 millions strips and 66 millions of pixel cells.
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Electromagnetic calorimeter

The design of theECAL was drawn to increase the capability ofCMS to detect the
H → γγ process at theLHC. The requirement is then to have a fast calorimeter, with
fine granularity and radiation-hard. To fulfill it, lead tungsten (PbWO4) crystals have
been used as there are dense matter, short radiation length (X0 = 8.9 mm) and fast
enough to emit within the first25 ns80% of the scintillation light generated by pas-
sage of electrons and photons through it.

The granularity of the barrelEB is 360-fold in φ and2×85-fold in η. A total of61′200

crystals, with truncated pyramidal shape are mounted with a3◦ angle with respect to
the IP projection in order to avoid cracks aligned with the particle trajectories. The
total length is around25.8 X0. Crystals are contained in alveolar structures called
sub-modules, grouped into modules of400-500 crystals depending on theη position.
A pair of avalanche photo-diode is then mounted on each crystal, which are grouped
5 × 5 in the readout system.

TheEE calorimeters, covering the region1.479 < |η| < 3.0, are made of7324 crystals
with off-pointing angles ranging from2◦ to 8◦ for a total length of24.7 X0. Endcap
crystals are grouped in5 × 5 crystal structures called super-crystals.

Front of theEE crystals, the preshower detector has been installed aimingto identify
neutral pions and single high-energy photon within1.65 < |η| < 2.6. It is a sampling
calorimeter made of lead radiators to initiate the electromagnetic shower frome−/γ
particles, and silicon strip sensors to measure the energy deposit. Total thickness of
the calorimeter is2X0 before the first sensor plane and3X0 before the second one,
such that95% of photons will start showering before the second sensor layer.
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Hadronic calorimeter

The hadronic calorimeter is composed of four separate sub-detectors: barrel (HB),
endcap (HE), outer (HO) and forward (HF). The later one is described separately in
the Forward section 3.4. The barrel one is a cylindric calorimeter placed between the
outer extend of theEB (R=1.77 m) and the inner extend of the magnet (R=2.95 m) and
divided into two half sections inz. Each half consists in18 identical azimuthal wedges
made of a front (50.5 mm) and back (75 mm) steel plates around14 brass absorber
plates (8 of 50.5 mm and6 of 56.5 mm) aligned parallel to the beam axis. The total
HB-thickness increases withθ as 1/sin(θ), starting with5.82 hadronic interaction
length (λI ) at η = 0 up to10.6 λI at |η| = 1.3. The crystals fromECAL in front of
HB bring another1.1 λI .

Plastic scintillators are build out of tiles coupled to wavelength shifting (WLS) fibers
to bring out the light. To avoid reading the70 000 tiles composing theHCAL of CMS,
tiles of the sameφ layer are put together into the single scintillator tray unit. Light of
each unit is collected by a0.94 mm-diameter WLS fiber placed in a machined groove
into the scintillator. After exiting the scintillators, WLSfibers are spliced to clear
fibers, which are finally connected to photo-diodes. Each wedge is then segmented in
4 φ sectors, and the plastic plates divided in16 η towers.

TheHE calorimeter covers the pseudo-rapidity region1.3 < |η| < 3.3. The operation
and design are very similar toHB, with the purpose to minimize cracks withHB, rather
than to have a good single particle response. The absorbers are bolted brass plates of
79 mm-thickness for a total length of10 λI . HE tower granularity is similar toHB for
|η| < 1.6 and increases to(∆η × ∆φ) = 0.17 × 0.17 after |η| = 1.6. In addition,
some regions ofHE are also segmented longitudinally: towers27 → 29 close to the
beamline have3 divisions in depth that are readout separately, while towers 18 → 26

have2 longitudinal readouts.

Finally, theHO is placed outside the solenoid to complement the containment of the
hadrons showers within the central region.HO uses magnet coil as an extra absorber
to extend the equivalent depth to a minimum of11.8 λI . It is then used to identify late
starting showers and to measure the shower energy deposit after HB. TheHO consists
of one or two (in the very-central part) layers of scintillators tiles located in front of
the first layer of the barrel muon detector. Scintillation light is collected by WLS
fibers to photo-detectors located on the structure of the return yoke. Each optically
independent tiles formed of 4 WLS is then mapped to a tower ofHB in the readout.
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Muon chambers

The muon system is composed of 1’400 chambers forming 4 layers of concentric
cylinders, called ”station”, and inserted among the layersof the magnetic flux return
plates, in both barrel and endcap regions. Three different kinds of detectors are used,
all working with gaseous technology,i.e. collection of charges from the gas ionization
produced by the passage of charged particles through it.

In the barrel (|η| < 1.2), because of low muon rate and uniform magnetic field, the
muon system uses Drift Tubes (DT). The DT system is composed of 4 layers (la-
belledMB1 to MB4 in Figure 3.3) of 60 drift chambers, for a total of approximatively
172’000 tubes, each containing a stretched wire in a volume of gas. The drift time of
the electrons produced out of the ionization and the position of the wire hits provide
a timing plus2D-coordinate measurements. The stations have 8 chambers with wires
parallel to the beam and provide a track measurement in ther − φ coordinates. In
addition, the 3 first stations have also 4 chambers with wiresorthogonal and therefore
measuring thez position along the beamline.

In the endcap regions (0.8 < |η| < 2.1) where the muon rate is high and the mag-
netic field uneven, the Cathode Strip Chambers (CSC) are used. It consists of arrays of
positively-charged anode wires perpendicularly crossed with negatively-charged cop-
per cathode strips within a gas volume. Each side contains 4 stations with chambers
perpendicular to the beam, in which strips provide a measurement inr − φ, η and
timing information.

A complementary system, the Resistive Plate Chambers (RPCs), is installed in both
the endcap and barrel regions (|η| < 1.6) and provide a fast, independent and highly-
segmented trigger signal with good timing resolution but coarser position resolution
than theDTs andCSCs. A RPC consists of two parallel plates, a positively-charged
anode and a negatively-charged cathode, both made of a very high resistivity plastic
material and separated by a gas volume. A total of 6 layers ofRPCs are embedded
in the barrel muon system,2 in the first2 stations, and1 in the last2 stations. The
redundancy in the first2 stations allows the trigger algorithm to work even for low-pT

tracks that may stop before reaching the outer2 stations. In the endcap region, there
is a plane ofRPCs in each of the first3 stations in order for the trigger to use the
coincidences between stations.
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3.4 Forward sub-detectors

At the LHC, the region located at|η| > 3 is exposed to an extremely high flux of
energy carried by particles produced at small-angles during pp collisions. The energy
flow was measured to be non-uniform with the rapidity, with maximum energy deposit
at highestη as foreseen [57]. The design of the forward detectors has therefore been
driven by the need to survive at least10 years within this harsh environment. As
a consequence, quartz has been chosen for the active material in the three current
forward sub-detector ofCMS (HF,CASTORandZDC) because of its radiation hardness,
its fast signal response and its ability to build compact calorimeters [58].

Hadronic Forward calorimeter

The twoHF calorimeters [59] are symmetrically located at±11.2m from theIP cov-
ering the pseudo-rapidity regionη = [2.866; 5.205]. It consists in a130 cm-radius
165 cm-long cylinder, made of steel absorber (equivalent to10 λI ) in which has been
drilled a grid of grooves parallel to the beamline and separated by5 mm center-to-
center. In these grooves stand some quartz fibers alternating between long fibers (start-
ing at the front of the detector) and short ones (starting at22 cm depth).
The arrangement allows to distinguish signals generated byelectrons and photons,
which deposit a large fraction of their energy in the first22 cm, from hadrons which
produce equal signals in both sections on average. The signal consists of Cerenkov
light generated by the passage of relativistic charged particles through the quartz. Only
a small fraction of the light is collected and coupled by light-guides to radiation-
shielded PMTs. The calorimeter of each side is segmented in18 wedges of20◦ in
φ and13 rings with almost similar coverage in∆η ≃ 0.175.

CASTOR

The CASTOR detector [60, 61], which stands for ”Centauro And Strange Object Re-
search”, is a sampling calorimeter with alternate plates of tungsten (W ) –as absorber–
and of fused silica quartz (Q) –as active medium–, for a total depth of10.3 λI . Plates
are tilted with a45◦ angle to maximize the collection of Cerenkov light. Locatedat
14.38 m from the interaction point on one side only,CASTOR geometry is designed
to enable the observation of cascade development along the passage of the incoming
charged particles in the acceptance range−6.6 < η < −5.1.

The calorimeter is segmented in16 symmetric sectors inφ around the pipe, and14

sections inz: 2 for the EM part and12 for the HAD one. There is no segmentation in
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η. EachEM part consists in a sandwich of5 W and5 Q plates of5 mm and2 mm
respectively; while aHAD channel is composed of5W -Q plates of10 mm and4 mm.
Cerenkov lights produced in these224 channels are grouped per5 W -Q plate pairs,
and then collected along the length and focused by air-core light guides onto PMTs.

The addition of theCASTORdetector, which extends the full pseudo-rapidity coverage
of CMS to ∆η ≃ 11.5 instead of10 with HFs only, deserves many physics research
[62]. For instance, to compute MET as a signature for new physics; to search for very
backward jet from Higgs production through vector boson fusion; by means of theEM

andHAD sections, to study the shower profile and to search for Centauro-type events,
i.e. high-density showers produced by charged pions entering the atmosphere. Besides
these researches for new physics, theCASTOR detector is also useful for QCD-type
of physics: study of multi-parton interactions and underlying events, low-x physics,
diffraction and quark-gluon plasma.

Zero Degree calorimeter

The ZDC detectors [63] are, as forCASTOR, sampling calorimeters made ofW as
radiator and quartz fibers (QF) as active medium. Two identical calorimeters are lo-
cated at±140m of the interaction point, in the first neutral particle absorber of the
LHC (TAN). The location has the advantage that charged particles have been deflected
downstream by dipoles which aimed to separate incoming and outcoming beams into
two pipes, such that zero-degree calorimeters are sensitive only to photons and neu-
trons with|η| > 8.1.

EachZDC has an electro-magnetic and a hadronic section of7.5 λI in total. TheEM

is composed of a sandwich of33 layers ofW (2 mm width) andQF (0.7 mm width)
oriented vertically and segmented in the transverse direction in 5 readout towers. The
HAD section is composed by a sandwich of24 layers ofW (15.5 mm width) andQF
(0.7 mm width) tilted by45◦ and segmented longitudinally in4 readout towers. The
design also includes a9 mm Cu plate front and back of each section. The fibers,
grouped in bundles, are directly connected to the PMT inEM, while in HAD they are
coupled via air-core light guides.

AlthoughZDC is mainly dedicated to heavy-ion runs, where it will be used to measure
the reactions centrality by counting the number of spectator neutrons, some appli-
cations are already available inpp mode. For instance, one can quote the tagging
of bremsstrahlung photons and neutrons from charge exchange reaction, but also to
select diffractive events and reject proton-dissociativebackground.
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Forward Shower Counters

In the late March 2011, theFSCcollaboration managed to install scintillator counters
close to the beam-pipe in the region60 m . |z| . 115 m aroundCMS [64, 65]. These
counters, covering the pseudo-rapidity region7 < |η| < 11, may detect the showers
created by particles produced at small angles and interacting with the pipe or the sur-
rounding material.

Scintillators, made from25×25 cm2 solid hard plastic with1cm width and embedded
into fibers connected to photo-multipliers, have been placed at specific spots where the
elliptical beam is accessible. Atz = 59.1 m andz = 84.8 m, two beam scintillator
counters (one above, one below the beam-pipe) with half elliptical boundaries in or-
der to fit the pipe shape are installed. At114.1 m, four of them are put around the
beamline, each with a corner cut out by a quarter of a circle.

The deployment of such detectors will be useful in 2011 runs as they may be used
as (large) rapidity gap detectors for exclusive processes,and as a veto inL1 trigger
for both incoming and outcoming beam-halo background. In addition, they aim to
measure forward showers from low-mass diffractive events.

High Precision Spectrometer project

Another project consisting of installing proton detectorsat240 m and420 m from IP5
is also in consideration withinCMS. Aiming to detect forward scattered protons which
survived from an exclusive interaction, the next chapter isentirely dedicated to this.

3.5 Event flow reconstruction

The reconstruction process, from the particle detection bythe sub-detectors to the
high-level objects as used in the next analysis, is a 3-step process. Firstly, local recon-
struction within the respective sub-detectors, from the ”digis” type of data to ”recHits”
type, which are usually position measurements and calorimeter clustering. Secondly,
information from different modules of a sub-detector are combined (ex: all the tracker
recHits are used to built a track). Finally, the last step consists in the combination of
all reconstructed objects from different sub-detectors tocreate high-level candidates
(ex: combining tracks from the tracker with calorimetric clusters to get ane/γ can-
didate). Only reconstruction of high-level objects used inthe next sections (track,
vertex, caloTower and muon) are described in the next paragraphs.
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3.5.1 Tracks

The default track reconstruction algorithm inCMS, also used during the analysis, is the
so-called ’Combinatorial Track Finder’, or CFT [2, 67]. The reconstruction follows a
5-steps procedure in which the pattern recognition plays a leading role.

Starting with the seed parameters and its covariance matrix, a combinatorial Kalman
filter proceeds iteratively to build trajectory by extrapolating the track parameters to
the next compatible layers with the equation of motion in magnetic field, taking into
account energy loss and multiple scattering. At each step the algorithm creates, for
compatible hits of the layer, a new trajectory. The track parameters are therefore up-
dated with the new pieces of information of the compatible hits and correctly weighted
according to (current and previous) hit measurements and trajectory predictions. The
procedure of extrapolation is repeated until either the outermost layer of the tracker is
reached, either no compatible hit is found.

3.5.2 Primary vertex

Using the full set of promptly reconstructed tracks, the primary vertex (PV) recon-
struction is a 4-steps process, splitted between the vertexfinder [68] and the vertex
fitter [69] algorithms.

The performances of the PV reconstruction is studied in [70,71] . One clearly sees
an improvement of the resolution with increases number of tracks and their average
transverse momenta. However, even for exclusive dimuon vertices composed of 2
low-pT tracks, the efficiency is still∼ 99%, with a resolution of180 µm in transverse
and longitudinal directions. The effect of misalignment was estimated to be at most
20 − 30 µm on the resolution. An independent cross-check of the 2-tracks PV recon-
struction is done in Section 6.3.2, and we found a98.5% efficiency for a 2-tracks PV.

The effect of overlap interactions within the same bunch crossing may have two dif-
ferent effects known assplitting andmergingwhich can have influences in the search
of exclusive vertex. The merging is due to the fact that vertices separated inz by
2 mm or less are merged into a single reconstructed vertex. This effect was found to
be7% in early data at7 TeV whereσz = 4.6 cm. The splitting rather happens when
a soft interaction with small number of tracks is, due to the fine clustering of2 mm,
reconstructed as multiple vertices near the main one. It wascomputed in early data
that the probability of splitting is0.3% only.
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On the one hand, the effect of the merging implies that exclusive vertices produced
within the same bunch crossing and with∆z < 2 mm are merged together, with an
impossibility to disentangle the two interactions. On the other hand, splitting may lead
to selecting fake exclusive vertices as composed of only 2 tracks.

3.5.3 Calorimeter towers

Rather than using the information from each single crystal of the ECAL and HCAL,
analyzes rather use CaloTowers built with information fromboth calorimeters. Each
of these non-physical objects is constituted with allECAL andHCAL cells contained
in a respectiveη − φ region, following the segmentation ofHCAL. TheEM andHAD

part of the energy of a CaloTower is obtained by summingECAL andHCAL RecHits
energies, with a minimum threshold to be reached otherwise set to zero.

Calorimeter tower objects are used for the calorimeter-based jet reconstruction and for
the computation of the missing energy. In our purpose, therewill be used to charac-
terize the exclusivity conditions in the central andHF calorimeters.

3.5.4 Muon reconstruction

The reconstruction of muons within the central detector is amulti-step process, com-
bining information from the silicon tracker and the muon spectrometer. Full details
about the reconstruction parameters, algorithms, propagators, etc. may be found in
[72]. After the local reconstruction of hits within theDT 1D cell, CSC2D planes and
RPC 1D, track segments are built with matchedDT andCSC hits to provide seeds for
the next steps of reconstructions:

Stand-Alone muon
A pre-filter (to refine the seed state) and then the filter, bothbased on a combina-
torial Kalman technique, are applied from the outermost (innermost) layer until the
innermost (outermost) compatible layer for the filter (pre-filter) process. Based on the
same Kalman algorithm as the track fitter in the silicon tracker, muon track param-
eters are extrapolated iteratively to the next layers of themuon system, and trajec-
tory parameters are updated at each step with the information from the new measure-
ment. The propagation is done taking into account multiple scattering, ionization and
bremsstrahlung in the chambers and the iron yoke. To consider the non-uniformity
of the magnetic field further, the propagation is performed with smaller steps with a
helix parameterization in regions with large inhomogeneities in the field.
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Global muon
For each stand-alone muon, a tracker track matching is performed, starting by defining
a rectangular region of interest inη − φ to choose the initial set of tracks candidates
roughly compatible with the stand-alone muon. Secondly, the matching of the tracker
and muon tracks is done by comparing parameters after extrapolation on a common
surface. Depending on the case, this surface may be the tracker outer surface, the in-
nermost boundary of the muon system, the detector surface ofthe outermost tracker
track hit or the innermost muon track hits. The selection is thus done such to min-
imize the covariant error matrix of the propagated tracks and to reduce the number
of matches per muon. Finally, for all matching pair of a tracker-track – stand-alone
muon, a global refit of the silicon hits and muon hits is performed in once

Tracker muon
A complementary approach to the global reconstruction consists to rather consider all
tracker tracks as muon candidates and check for compatible segments in the muon
system. This type of reconstruction is particularly suitedfor low-pT muons which
may not leave enough hits in the muon stations to be reconstructed as a stand-alone,
or to recover muons lost between wheels gap.

3.6 Trigger system

In order to observe a maximum of collisions during the beam life-time, the beam-
crossing rate at the center ofCMS is configured to be high, with a maximum of 6 MHz
during 2010 (and up to 40 MHz for the nominal design). Moreover, for each beam-
crossing, several collisions occur simultaneously. Sinceit is impossible to process
and to store the large amount of data produced during these collisions, one needs to
perform a large reduction of the rate. This task is achieved by the trigger system and
is divided into two steps:

• the Level-1 system (L1), based on electronic hardware to reduce it to 100 kHz,

• the High-Level system (HLT ), a software system to filter the rate to 100 Hz.

TheL1 uses coarsely segmented data provided by theCSC,DT andRPC independently
(4 muon candidates) and by theECAL, HCAL andHF (8 e/γ candidates, 8 jets, 4τs,
∑

ET , Emiss
T , . . . ) as input for logical decisions. TheL1 trigger, which has to an-

alyze each event, has a maximum latency of 3.2µs between a given bunch-crossing
and the distribution of its decision to the front-end electronic memories in which high-
resolution data is temporarily stored. Consequently, the process needs to make use of
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a buffer, designed to store a maximum of 128 events.

TheHLT , on the contrary to theL1, has access to the complete read-out data and
can therefore perform complex calculations. A farm of a thousand of commercial pro-
cessors is used to run the selection algorithms. A long list of trigger paths have been
created, for commissioning or physics purposes. Among them, one can spot the Zer-
oBias trigger which selects every beam-crossing event whether there is an interaction
or not; it will be used for the commissioning of the exclusivity conditions in Chapter
5. It is also worth mentioning the existence of an exclusivee/γ pair trigger, select-
ing events with low occupancy in theHF detectors. For all triggers, the cut values as
well as the applied prescales are varying along the data-taking period in order to keep
the output rate constant at100 Hz while the beam intensity and crossing frequency
are changing. The details about the dimuon triggers used forthe 2010 analysis are
contained in Appendix A.
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Chapter 4

The High Precision
Spectrometer project and
Gastof detectors

“To go forward is to move toward perfection”
Kahlil Gibran

The HPS project consists in the installation of very-forward detectors close to the
beamline of theLHC with the purpose to reconstruct outgoing protons from an exclu-
sive interaction. The physics motivations, an overview of the prototypes and expected
acceptance are quoted in Sections 4.1, 4.2 and 4.3 respectively. Finally, studies on the
GASTOFdetector aiming to reduce background from accidental triple coincidence are
reported in Section 4.4 and 4.5.

4.1 Physics with very forward detectors at the LHC

In the LHC optical environment, magnets will work as a spectrometer and bend the
protons which have lost a small fraction of their initial energy (as for instance outgoing
protons frompp(γγ) → pXp), as it is shown in Figure 4.1.

Similar techniques of proton spectrometers with forward detectors have already been
applied atCDF [73] andD0 [74] experiments atTEVATRON , H1 [75] andZEUS [76]

61
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Figure 4.1:Proton path for different energy loss. Path is stopped when the proton encounters
a obstacle from theLHC beamline (quadrupole, beam monitor,. . .)

at HERA, PP2PP [77] andSTAR (proposal) [78] atRHIC or TOTEM [79] at theLHC.

Detectors have to be installed in the high-dispersion region at±240 m and±420 m,
where the scattered protons are well distinguishable from the ones of the beamline.
Figures 4.2 show the contours for positions and angles of a realistic sample of scat-
tered protons from thepp(γγ) → pW+W−p process at

√
s = 14 TeV simulated

with MadGraph [80] and propagated into theLHC line with the Hector software [81]
assuming half-crossing angle of142.5 µrad, with an angle dispersion of30.25 µrad
and a beam energy dispersion of 0.79 GeV. The90% contour of the7 TeV protons
is also highlighted by the red ellipse. Thex position of the scattered protons in very
forward region is, at first approximation, only function of the fraction of energy loss
as:

∆x = D(s)
∆E

E
(4.1)

whereD(s) is the beam dispersion and is a function of the total path length s as one
can see at Figure 4.1. As there are no beam dispersion iny, the spread iny is just
due to the vertex smearing. The positions and angles of the same sample of scattered
protons as a function of the energy loss is displayed in Figure 4.3.

The original motivation to install very forward detectors at theLHC is for the search of
exclusive Higgs production in CEP, as in Figure 2.12. Indeed, measurements of outgo-
ing proton momenta and energy loss –as they are directly related to the invariant mass
of the system– allow a Higgs mass reconstruction with a2 GeV resolution, irrespec-
tively to the decay mode, even for final states containing jets or neutrinos, thanks to
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the missing mass method [82]. In addition, if this measurement is done in coincidence
with the central detector, kinematics of the Higgs boson arethen fully constrained and
all quantum numbers are accessible, including the spin. Beyond Higgs physics, the
addition of such detectors would help to achieve the physicsgoals ofCMS listed in 3.2
and would open up a new rich program of QCD, EWK and BSM physics.

In the first stage, whenHPS-240 only will be available, only the protons which have
lost a significant energy would be detectable, and hence onlythe masses above200GeV
will be reachable (Figure 4.5). However, such a limited apparatus will already give
access to some interesting and unique physics subjects, with for instance the study of
QCD in diffraction, in CEP and inγp interactions. The high-mass electroweak sector
can also be probed inγγ, by searching for anomalous couplings inγγ →W+W− or
deviations in the mass spectrum from BSM physics. As an example, the phenomenol-
ogy of the two-photon production of supersymmetric pairs isstudied in Chapter 8.

In the second stage, the inclusion of detectors at420 m will extend the range of de-
tectable energy loss down to20 GeV, and also provide extra measurements in the
intermediate regime thanks to crossed240 × 420 detection. That includes the mea-
surement of the mass and quantum numbers of the Higgs boson. The reason of the
delay between the installation of240 m and420 m stations is mainly due to the extra
engineering needed for the replacement a long cryogenic connexion by a warm pipe
section plus a cryogenic bypass [83].

4.2 High Precision Spectrometer detector overview

The detector stations consist of a silicon tracking system which can be moved transver-
sally thanks to a special movable beam pipe with the detectors integrated on it. During
beam injection, acceleration into theLHC pipe and luminosity tuning, the detectors are
parked in a safe place far from the beam line; when beam cleaning and collimation
have been performed, the detectors can move step-by-step totheir optimal positions.

The method to reconstruct the energy of the scattered protons initial energy is to mea-
sure the displacement and the angle at several points in a∼ 8 meters-long region.
To obtain the target resolution of2 GeV on the central system mass, one would need
resolutions of∼ 10 µm in x and∼ 1 µrad inθ: these resolutions can be obtained in
the tracking system by the use of3D or pixel silicon detectors. In addition,3D silicon
has the advantage to own very small dead space and fast response.
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Figure 4.2:Positions and angles distribution for generated eventsγγ → W+W− Top: (x, y)
proton positions of arrival. Down: (x, θx) proton values. Distributions are divided between
beam1/beam2 ands = 240/420 m.
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Figure 4.3:Horizontal positions and angles dependence on the proton energy loss for gen-
erated eventsγγ → W+W− Top: (E, x) proton positions of arrival. Down: (E, θx) proton
values. Distributions are divided between beam1/beam2 ands = 240/420m.
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4.3 HPS acceptance

In the following, a photon-exchange process is assumed tagged if the scattered proton
is detected into very forward stations at240 m or 420 m. The detection criteria taken
in the next imply that the proton position has to be measured at both240 m and248 m
to be considered as detected inHPS-240, and similarly forHPS-420. Partially detected
protons by only one of the two stations at∼ 240 m are considered to be affected, and
not detectable at420 m anymore, although there may be in the acceptance. It has its
importance when considering non-edgeless silicon detectors for instance. The design
of the 8 stations (±428, ±420, ±248, ±240 m) was considered identical for whole of
them, except the distance approach. For the next figures, it was chosen2.5 mm for
HPS-240 and4 mm for HPS-420. That corresponds to a distance of respectively 16σx

and 12σx from the beam center on average.
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Figure 4.4: Scattered proton energy spectrum (and hence photon energy spectrum) for
pp(γγ) → pW+W−p processes. Kinematic regions where proton detection is allowed are
marked, considering a2.5 mm and4 mm approach with no dead zone.

The forward station tagging acceptance for scattered forward proton from a realistic
sample ofpp(γγ) → pW+W−p process which is given at Figure 4.4 is as a function
of Eloss of the proton only, while it actually depends on the momentumtransferQ2 as
well. However, it was shown in [81], at low momentum transferthe acceptance only
depends on the energy, and only at high-Q2 the acceptance is lowered because of the
larger proton scattering angle induced by the photon emission. As the average photon
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virtuality is relatively small ,〈Q2〉 ∼ 0.01 GeV2, one can consider that equation 4.1
is valid. There exists small dead zone (mainly forB2), for protons with energy loss
between∼ 85 GeV and∼ 120 GeV, due to the fact the protons are too energetic to be
detected at240 m, but not enough for420 m.

The convolution of both proton-tagging efficiencies is madeto build the acceptance
curves for double-tagging, (exclusive) single-tagging and no-tagging as a function of
theγγ center-of-mass energy in Figures 4.5. Only two-photon produced events with
central systemX within |η| < 2.5 are considered to build the graph. The curves
are easily understood if one remembers the proton energy range for tagging at420 m
(from∼ 20 to ∼ 100 GeV) and at240 m (from∼ 100 to∼ 700 GeV). The single tag
spectrum from bottom left is shown separately for240 m, 420 m and the sum; several
regimes are observed1.
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Figure 4.5:Double-tag (top), single-tag (bottom left) and no-tag (bottom right) acceptances
for |ηY | < 2.5, assuming a2.5 mm and4 mm approach with no dead zone.
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To optimize the acceptance for low energy-loss protons, thedetectors must operate as
close as possible from the beam-line at420 m, with a maximum of5 mm (from beam
center to the edge of the sensitive area) at420 m to be sensitive to masses around
100 GeV. For240 m however, the positions of the detectors will have large influence
on the acceptance, at240 m and at420 m. This is illustrated in Figure 4.6, showing the
acceptance for 3 different scenarii of beam-distance and technology. With respect to
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Figure 4.6:Acceptance for|ηY | < 2.5. Full line is for an edgeless 2.5 mm distance approach,
dashed lines are for edgeless 2 mm and 0.5 mm-edge 2 mm distance.

the nominal2.5 mm edgeless detectors assumed here, 2 others have been considered:
some edgeless detectors at2 mm and some at2 mm with 0.5 mm dead-edge. In the
first case, the approach of0.5 mm extra in the beam brings a∼ 5% gain in acceptance
for central system within75 GeV and550 GeV. In the second case, when the detectors
themselves are at2 mm from the beam, but the silicon area starts to be sensitive only
0.5 mm after, the acceptance is decreased by5% in the range[50, 500] GeV. This is
due to the shadowing effect of240 m on420 m stations, as it is illustrated in Figure 4.7.
Going too close to the beam inHPS-240, one starts to enter in the acceptance zone of
HPS-420; but if that incursion is covered by dead material protons are affected and
cannot be measured neither at240 or 420 m. Thus, the acceptance can be optimized
by choosing different distance-to-beam forBeam1 andBeam2.

1For theHPS-240, single-tag is generally possible when one gets asymmetric energies configuration
as100 < Eγ1

< 700 GeV andEγ2
< 20 GeV (Wγγ . 235 GeV) or Eγ2

> 700 GeV (Wγγ &
530 GeV). TheHPS-240 single-tag probability reaches almost100% for Wγγ ≃ 1400 GeV and then
decreases linearly , since for larger two-photon masses bothprotons get often outside the acceptance range.
This is also seen in the ’no-tag’ acceptance curve at the bottom right which behaves reversely. Similarly, the
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Figure 4.7:Shadowing effect of theHPS-420 byHPS-240 stations for an edgeless 2 mm ap-
proach.

The difference in beamline with respect to detectors located at220 m –as it was as-
sumed in many previous papers– is small. The extra magnetic elements will anyway
imply a slight modification in forward angles of the scattered protons kinematics, be-
tween±220 m and±240 m, but also between+240 m and−240 m:
For theBeam1:

• a4.8 m-long quadrupole (MQML ), from s = 225.99 m to230.79 m,

• a 0.9 m-long arc orbital vertical corrector (VKICKER), from s = 230.98 m to
231.88 m,

• a drift section of∼ 24 m with constant anglesαx = 3.41 prad andαy =

4.65 prad, until the next collimator located ats = 255.78 m.

while for theBeam2:

• a4.8 m-long quadrupole (MQML ), from s = 225.99 m to230.79 m,

• a drift section of∼ 26 m with constant anglesαx = 0.45 prad andαy =

−2.25 prad, until the next collimator located ats = 256.61m.

with angle values quoted for7 TeV beam protons. The configuration has not much
influence on the forward(x, y) positions, and hence the acceptance, but theθx andθy

angles at forward positions are quite different, as it may beseen in Figure 4.2. As the

HPS-420 single tag can be obtained with20 < Eγ1
< 100 GeV andEγ2

< 20 GeV (Wγγ . 100 GeV)
or Eγ2

> 700 GeV (Wγγ & 235 GeV).
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horizontal drift angle is roughly8 times bigger forB1 than forB2, the dispersion of
forward angles for beam and scattered protons is almost nullat −240 m and extend
up to210 µrad at+240 m.

The photon-photon spectrum displayed in Figure 2.6 for7 TeV beam energy, after
HPS acceptance (calculated without|yX | constraint), is shown in Figure 4.8. The
nominal very forward detector setup will therefore be efficient to tagγγ interactions
with invariant masses between∼ 20 GeV and∼ 1400 GeV.
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4.4 HPS background reduction

Since the processes of interest by theHPS project are on the femto-barn level, the
detectors need to be able to run at the highest instantaneousluminosity, up toL =

1034 cm−2s−1. With the increased luminosity, the number of simultaneousinter-
actions per bunch-crossing is raising too. Therefore, the probability to have fake
triple coincidence event with one or two protons coming fromparasitic interactions
as shown in Figure 4.9 would be so high that it would dominate the signals.

Figure 4.9: Schematic illustration of overlap backgrounds to exclusive production: (a)
[p][X][p]: 3 interactions, one with a central system, and two with oppositedirection single
protons (b) [pp][X]: 2 interactions, one with a central system, and the second with two opposite
direction protons (c) [p][pX]: 2 interactions, one with a central system and a proton, the second
with a proton in the opposite direction, copied from [3].

In order to reduce this overlap background, one possible technique consists to request
a strong matching between the vertex reconstructed by the central tracker ofCMS and
the point of origin of two scattered protons reconstructed with a z-by-timing method.
One only needs to measure the relative arrival time of the twoprotons at forward
stations,tL and tR. Assuming that the two protons are originating from the same
interaction, thez position can be reconstructed as

zpp =
1

2
(tL − tR) × c (4.2)

The resolution of the vertex positionδzpp is therefore only function of the timing res-
olution δt on single-side asδzpp = c√

2
δt. In order to achieve the precision resolution

of 2 mm on the reconstructedpp vertex, one therefore needs a10 ps time resolution
on each measurement.

In case the two protons are not coming from the same interactions, the reconstructed
vertex positionszpp andzCMS will not match in general, allowing a large rejection
factor.
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Overlap events at the LHC

The rate of accidental triple coincidence background within the central and forward
detectors is obviously function of the delivered instantaneous luminosity. Therefore,
the overlap background will be computed for two benchmark luminosities correspond-
ing to ’low’ ( L = 2. 1033 cm−2s−1) and ’high’ (L = 1034 cm−2s−1) pileup regime
at

√
s = 14 TeV. The labelling convention to use square brackets to specify the in-

teraction to which the proton belongs is used in the following. For instance, two
single-diffractive events plus an prompt inclusive event will be noted by [p][X][p],
while two-photon production would be [pXp].

The total cross-section prediction for
√
s = 14 TeV from Pythia is around100 mb and

is composed of the following processes:

• Elastic production:pp→ pp, simulated withMSUB(91), is not contributing to
the visible cross-section;

• Single diffraction:pp → pX or pp → Xp, simulated withMSUB(92) or
MSUB(93), has a production cross-section of14.3 mb;

• Double diffraction:pp → X, simulated withMSUB(94), with a 10.21 mb
cross-section value;

• Non-diffractive inelastic production:pp → X, simulated withMSUB(95) and
also sometimes calledlow-pT production, has the largest contribution with54.71 mb.

The energy spectra of all charged particles with|η| > 7 are displayed for each sub-
process independently in Figures 4.10, with the same color code.

Only a small fraction of the produced particles will reach240 m or 420 m locations,
but enough to lead to significant concern at high luminosity.

The fraction of events with single and double tag is shown in Table 4.1 for each Min-
imumBias process independently. The cross-section for events at theLHC containing
a forward particle detected inHPS is then clearly dominated by single-diffraction.
Reweighting individual probabilities of Table 4.1, the probabilities of single and dou-
ble tag per pileup event turn to be:

f+
[p] = 2.69% f−[p] = 2.78% f[pp] = 0.05% (4.3)
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Figure 4.10: Zoom on forward particle spectrum, withHPS-240 and -420 acceptance, for
MSUB(94) (top left),MSUB(95) (top right) andMSUB(92), MSUB(93) (bottom) processes.

with the single tag efficiency computed for both sides separately. It has to be no-
ticed that not only protons are sources of overlap background. Although there are the
main source (93.7%), one also expects some significant contributions from forward
π+ (2.5%), Σ+ (2.2%) andK+ (1.8%).

Process Single Tag only Double Tag
+240m -240m +420m -240m

pp(γγ) → pW+W−p 8.96% 6.00% 7.34% 8.45% 57.45%
Single diffraction (92) 1.03% 13.23% 0.07% 11.35% 0.25%
Single diffraction (93) 13.89% 1.14% 12.24% 0.07% 0.27%
Double diffraction (94) 1.42% 1.57% 0.09% 0.08% 0.02%

Non-diffractive Inelastic (95) 0.30% 0.34% 0.01% 0.01% <0.01%

Table 4.1:Fraction of events with single/double tag for MinBias and signal.
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The cross-section for overlap background may therefore be estimated as [84]:

σolap = σ[X]

( ∞
∑

N=3

λNe−λ

N !
P[p][p] (N − 1) +

∞
∑

N=2

λNe−λ

N !
P[pp] (N − 1)

)

+ σ[pX]

∞
∑

N=2

λNe−λ

N !
P[p] (N − 1) (4.4)

= σ[X]

(

E[p][p] + E[pp]

)

+ σ[pX]E[p] (4.5)

whereσ[X] is the inclusive cross section with the same final stateX of interest,λ is the
average number ofpp interactions per bunch crossing andN is the actual number of
interactions in the considered bunch crossing. The sum is performed over all possible
number of interactions and weighted for each configuration by a Poisson distribution.
In the first term,P[p][p] (n) is the probability that, givenn interactions, there are at
least two events that produce a forward particle detected inHPS (one on each side),
which is given by [84]:

P[p][p] (n) =

n
∑

r+q=2

r+q−1
∑

q=1

n!

(n− [r + q])! r! q!

(

f+
[p]

)r (

f−[p]

)q (

1 − f+
[p] − f−[p]

)n−r−q

(4.6)

where, for example,f+
[p] is the fraction of events that produce a forward particle within

HPS-240 orHPS-420 acceptance from equation 4.3.

In the second term,P[pp](n) is the probability that there is at least one event that
contains anHPShit on each side of theIP, and is distributed as a binomial distribution:

P[pp] (n) =

n
∑

q=1

n!

(n− q)! q!

(

f[pp]

)q (
1 − f[pp]

)n−q
(4.7)

Finally, the third term stands for the coincidence probability between an overlap event
and a single-diffractive eventpp → pX which produce the same final state of inter-
est plus aHPS hit. P[p](n) is therefore defined as the probability that there is at least
one event with a forward particle detected on the opposite side of theIP to the sin-
gle diffractive proton from the hard event. The corresponding formula is similar to
P[pp](n) but using the event fractionf[p].

The Poisson mean number of interactionsλ = 5.03 for the ”low-luminosity” period,
andλ = 25.14 for the ”high-luminosity” periods, correspond respectively to L =

2× 1033 cm−2s−1 andL = 1× 1034 cm−2s−1 if one considers a40 MHz frequency,
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the nominal number of2808 proton bunches in the pipe and a total visible cross-
section of79.22 mb. Therefore, the computation of integrated probabilities gives:

E[p][p] = 1.12% for low lumi

= 23.36% for high lumi (4.8)

E[pp] = 0.20% for low lumi

= 1.23% for high lumi (4.9)

At leading order, that means that in high-pileup conditionsroughly25% of the beam
crossings will produce a fake double-tagged event. In the next studies, the low proba-
bility due to [pX][p] has been neglected.

For similar computations assuming only forward stations atHPS-240 as it will be the
case for the first stage of theHPSproject, one finds a probability of accidental double-
tag events of0.6% and12.4% for ’low’ and ’high’ luminosity conditions respectively.

Accidental coincidence reduction

Although one bunch crossing over four will produce accidental forward coincidence
at high luminosity, such kind of background can be reduced byseveral techniques. As
the overlap events are uncorrelated, one can request kinematics consistency between
central and forward detectors. Also, as final state of interest is usually produced in
association with many tracks attached to the prompt vertex,on contrary to the two-
photon interactions where the pair is produced exclusively, a constraint on the number
of neighbored tracks will already suppress accidental coincidence background to an
acceptable level.

The third technique uses the comparison of the central and forward vertex positions,
the latter ones being built with the proton time of arrival atthe very forward stations.
The rejection factor will depend on the following parameters, discussed afterwards:

• intrinsic timing resolutionδt,

• longitudinal spread of the interaction pointsσz,

• vertex size window,

• difference in path length between left and right sides
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The main source of degradation in the timing resolution is mainly due do the intrinsic
jitter of the Photo-Multiplier tubes (PMT) use to detect theCerenkov photons. Cur-
rently, a time resolution of10 ps was achieved in laboratory (testing PMT only) and
in test beam conditions (including signal amplification andoscilloscope processing)
with Photek-brand tubes.

The other important factor influencing the rejection is the longitudinal spread of the
vertices positions: broader the distribution, lower the probability to have accidental
triple coincidence with matched vertices. The spatial and time distributions of the cur-
rent densities, as well as the crossing angle have influence on the spread value. The
full computation of the luminosity profile alongz integrated over time and taking into
account allLHC machine parameters for the nominal design as the half-crossing angle
of 142.5 µrad has been done in [85] and result inσz = 48.2 mm. For protons not com-
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Figure 4.11:Simulation of the distance between reconstructed vertices for signal ([pXp]) and
overlap ([p][X][p]) events, taking into account a vertex spread ofσz = 48.2 mm and a timing
resolution of10 ps.

ing from the same interaction, the distance between the ”false” vertex reconstructed in
the forward stationzV FD and any prompt vertex in the central detectorzCMS will be
reconstructed on average as a Gaussian withσ =

√
1.5 σz ≃ 59 mm, as represented

in Figure 4.11.

The vertex size window is the degree to which we require the reconstructedpp vertex
to match with the central vertex. As it is clearly analysis-dependent, the value should
be balanced between a small (higher background rejection) and a large (higher signal
selection) vertex size. For the study of two-photon production of supersymmetric
pairs in Chapter 8, the highest value ofS/

√
B was obtained for a window of1.5σ,

i.e. selecting87% of the signal events. The efficiency selections for a1.5σ vertices
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matching, for the signal and the overlap events, are displayed on the table next page
assuming different timing resolutions.

Process type δt = 5ps δt = 10ps δt = 20ps
[pXp] 87% 87% 87%

[p][X][p] 2.13% 4.26% 8.49%
[pp][X] 1.84% 3.68% 7.36%

Table 4.2:Forward and central vertices matching efficiencies for different timingresolutions.
The1.5σ window size is set here.

Finally, as it can be seen from the Figures 4.12 computed withHECTOR, the difference
between left and right side is at most 8µm which leads to a negligible contribution to
the time jitter of around2.5 × 10−2 ps.
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Figure 4.12:Total path length for 2-HPShits protons.

4.5 Gastof as a fast timing detector

4.5.1 GASTOF detector overview

The concept of a dedicated timing detector for theHPS experiment needs to take the
following requirements into account:

• the full system timing resolution should beO(10 ps) for measurement of single
proton time of arrival,
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• the sensitive detectors have to survive at the rate of scattered forward (signal
and background) particles,

• the complete setup has to disturb as less as possible kinematics of the proton
candidates

To fullfill them, the design involves detection of Cerenkov light produced by the pas-
sage of forward scattered particles within a gas volume [86]. The gas is contained in
a rectangular box of few10s cm length with a very thin wall adjacent to the beamline
and aligned on the parrallel with the scattered proton propagation axis, as shown in
Figures 4.13 for a∼ 35 cm longGASTOF . The use of gas medium as a radiator has
the advantage to create fast light pulses, with well predicted kinematics.

Figure 4.13:3D view of Gastof detector, for the 30 cm-long version.

The proposed gas, already in use in the prototypes, is theC4F10 at a relative pressure
of ∼ 1.2 bars which has a reflective indexn = 1.0014 and thus produces light cone
with a narrow angle of3◦ in the [200, 650] nm wavelength range. Produced photons
are then reflected by a thin metallic front-surface mirror ona fast Photo-Multiplier
Tube (PMT), placed out of the protons trajectory. The mirrorhas a special aluminium
coating with a magnesium fluoride overcoat which protects the aluminium and en-
hances the reflectivity for short wavelengths. It has a spherical shape with radius of
10 cm which slightly focuses reflected photons. Mirror is aligned such that the sym-
metry axis of the box is projected on the center of the photo-cathode surface, as drawn
in Figure 4.14, and event displays from Figures 4.15. Usage of a lens to further focus
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Figure 4.14:2D view of Gastof detector, with technical distances, for the 30 cm-long version.

is also in consideration for future upgrades.

In the reference design, the main source of timing resolution degradation is coming
from the transit time spread in the PMT,i.e. difference of time distribution between
photon impinges the photo-cathode and current collection on the anode. Indeed, for
a 15 cm lengthGASTOF, the Cerenkov light production should last only2 ps, and
photons would travel at speed close toc in gas; such that the spead of time of arrival
of photons on the photo-cathode is limited to 1.5 ps, as shownwith simulation in Fig-
ure 4.19.

The photo-multiplier tubes used for lastGASTOF detectors are the Micro-Channel
Plates PMT (MCP-PMT). These are special PMT consisting of a2D array of parallel
glass capillarities of a fewµm diameter, called channel. Each channel, of which inner
wall is covered by material with secondary electron properties, works as an indepen-
dent electron multiplier. The MCP-PMTs are well suited for fast timing measure-
ments as a strong electric field is applied parallel from the photo-cathode to the MCP
entrance and from the MCP exit to the anode. Thanks to this strong field, effects of
emission-angle distribution and initial-velocity distribution of photo-electrons, which
usualy have tendency to broaden the signal pulse, are avoided.
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The other type of timing detectorQUARTIC (QUARtz TIming Cerenkov) is using a
different technology. Instead of gas, it has fused silica bars as Cerenkov radiators,
oriented with respect to the beam line at the average Cerenkov angle (48◦) aiming
to minimize the light reflections into the bars. These4 bars (inx − z plane) are then
coupled to traditional MCP-PMT. The main advantage ofQUARTIC is its possibility to
measure the time of arrival of several protons per bunch, thanks to itsx−segmentation.

A pair of QUARTICs will be inserted, in their own pocket, at the very back of theHPS

station as they may disturb the proton trajectories with multiple scattering. On the
contrary, the amount of material that has to travel scattered protons intoGASTOF is
relatively small (a thin front aluminium layer, the tickness of the mirror, and the back
thin aluminium layer) and therefore detectors are expectedto be placed among silicon
tracking stations.

4.6 Ray tracing simulation

Work done in collaboration with Tomasz Pierzchala

The simulations of forward scattered proton interactions with the detector, the Cerenkov
rays development and the signal emission out of the PMT deserve two aims. On the
one hand, for its prediction on the average number of photonsor photo-electrons col-
lected inGASTOF for typical events, as the resolution of time measurement issup-
posed to be directly related to the number of detected photons. On the other hand, it
can become a powerful tool to search for the best design with specific constraints.

Next studies concentrate on the derivation ofGASTOF properties considering first a
reference prototype and then some variations in the design.Most of technical figures
as reflectance, refraction index, . . . are placed in the Appendix B.

4.6.1 Software details

As the geometry (a rectangular box with a circular output) and the physics (Cerenkov
effect) of the proton interaction are quite simple, the simulation software was devel-
oped inC++ language, rather than using heavy full simulation softwarelike GEANT.
The concept is therefore based on linear geometry and transmission/reflection ef-
ficiency dependence with the energy. The simulation, from proton incoming into
GASTOF up to signal pulse out of the PMT, is stepped in different parts detailed in
the next:
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1. Photon generation: Cerenkov light is generated along the proton path in the
gas volume;

2. Photon propagation: each light ray is propagated individually into the volume,
interacting with walls, mirror, lens, etc. up to the exit window of GASTOF;

3. Photon detection: surviving photons are collected on the photo-cathode and
output signal pulse is simulated;

For the next figures, a realistic distribution of protonx andy entrance positions in
GASTOFhas been assumed as inHPS-240 –as illustrated in Figure B.1– with the detec-
tor aligned parallel to the proton direction. Otherwise explicitely quoted, the following
geometric and physical assumptions have been set for the reference detector:

• GASTOF lateral position is at2.5 mm for theLHC beamline, such thatx = 0 in
the plots corresponds toxLHC = 2.5 mm;

• horizontal (x) and vertical (y) widths are 30 and 37 mm-long respectively,z
length is16 cm from indoor face to the exit window center;

• mirror has a spherical shape of10 cm radius and it covers0 < x < 30 mm and
6 < y < 37 mm; its reflection efficiency is assumed as shown in Figure B.3;

• gas isC4F10 at a pressure of 1.3 bars;

• a circular exit window of12.5 mm radius, centered on mirror focus point;

• PMT is theR3809U-50 from Hamamatsu with Quantum Efficiency (QE) as
in Figure B.6 and Collection Efficiency (CE) of25%;

• reflection of the thin wall close to beam is set to20%, while other walls are
considered as black;

Basic geometry as it is implemented in the software and seen by the Frog event display
[87] is shown in Figure 4.15.

Cerenkov photon generation

Photons are created along the whole path of the proton withinthe gas volume. In
order to optimize the event simulationCPU, it was decided to attach a weight to each
generated photon rather than simulate a large sample and count the surviving ones.
The initial weight associated to each produced photon corresponds to the probability
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Figure 4.15:Event display of the implemented geometry and a typical event inGASTOF. The
gas is contained within the box (green lines) which is fully hermetic but at the exit window
(red circle), where rays can exit and touch the photo-cathode (blue disc). Proton (blue line) and
photons (orange lines) paths are displayed for a typical event.

of Cerenkov photon emmission with a typical energy, normalised by the total number
of photons emitted along the path length. This total number is fixed per trajectory and
easily computed as:

dN =
α

hc
dz dE sin2(θ)

=
α

hc
dz dE

(

1 − 1

β2n2

)

(4.10)
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with dz the total path length of the proton in the gas, anddE the energy distribution.
In the simulation process, the photon wavelengths are generated only from 160 to
900 nm, as light produced outside this range would not be reflected by the mirror
and/or detected by the PMT.

Rays are generated at the Cerenkov angle of∼ 3◦ since refractive index, which is
a function of the incoming energy, varies between1.0013 and1.0017 in the energy
regime we are restricted as displayed in Figure B.2. Theφ angle is chosen randomly
among[0, 2π].

Cerenkov photon propagation

Light rays are propagated into the volume, starting from their generation position on
the proton path, at the group velocity roughly equivalent to1/n. Photons propagate
freely following a straight line until they reach a surface.At each surface crossing,
the direction and the weight of the photon are modified, with actions depending on the
encountered material:

• black wall: photon is absorbed by the wall, so the weight associated to ray is set
to zero;

• aluminium wall: photon weight is multiplied by the assumed aluminium re-
flectance (20% in the examples below), and the direction is modified as for a
reflection by a flat surface;

• mirror: photon weight is multiplied by the mirror reflectance, which is a func-
tion of the photon energy (see Figure B.3), and the directionis modified as for
a reflection by a hemisphere;

In addition, timing information is updated at each surface crossing.

Cerenkov photon detection

If the Cerenkov ray reaches the exit window ofGASTOF detector with a non-null
weight, its trajectory is continued outside the rectangular box towards the PMT. The
sensitive area of the photo-multiplier, the photo-cathode, is simulated by a disk of
5.5 mm radius. Prior the collection by the photo-cathode, photons have to travel a
quartz layer of3.2 mm width which is meant to protect the cathode itself. As the re-
flective index of quartz (from 1.54 to 1.82 for the wavelengths under consideration) is
different from the gas, the trajectory of the photon into quartz will be slightly modified
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with respect to the initial direction. The modification of the photon path length into
the quartz is somehow very limited and increases the time-of-flight by 6.5 ps on av-
erage for the total length. On the contrary, the velocity in quartz being different from
the velocity in the gas, the propagation of the photon into3.2 mm

cosθ of quartz leads to
an increase of0.2 ps for the time of arrival on the photo-cathode of different photons
from the same proton. As an example, the distribution of the time of arrival with and
without quartz window for the reference setup is shown in Figure 4.19.

The weight of each collected photon by the photo-cathode is then multiplied by the
Quantum Efficiency (QE) and Collection Efficiency (CE) of thePMT under consider-
ation in order to simulate the generation of photo-electrons. For the Hamamatsu tubes
that were tested so far, the QEs dependence with the input wavelength are displayed in
Figure B.6, derived from the photo-cathode sensitivity also shown in the same Figure.
The CE, for which value remains unknown, was fixed to 25% as thebest value to fit
2009 Test Beam data.

After computing the probability of such aN(photon) to N(photo-electron) trans-
formation, simulation of the signal pulse height is performed as a convolution ofN
single-photon response curves as Figure B.7, withN a random number from Poisson
distribution with mean of expected photo-electrons.

4.6.2 Reference design predictions

The distribution of the photon hit positions on the photo-cathode from a realistic sam-
ple of pp(γγ) → pW+W−p events atHPS-240 is displayed in Figure 4.16 (right)
where two zones with higher density can be observed. There are both due to the high
density of protons hitting the front surface ofGASTOFdetector atx ≃ 3 mm, observed
in Figure B.1. The highest zone collects photon emitted in the direction of the detector
center and photons reflected by the aluminium wall. The otherzone, less dense, is due
to the Cerenkov photons emitted in the direction of the beam-wall, but not enough to
hit it before reaching the spherical mirror.

For comparison, the same hits distribution for entrance points distributed uniformly
horizontally and fixed to mid-height vertically is shown on the same Figure. The dis-
tribution is rater uniform but two same zones due to the spherical mirror configuration.

The response of the detector as a function of the incoming proton position is studied in
Figure 4.17. Protons are generated with fixedy position at the middle of the detector
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Figure 4.16:Two-dimensional distribution of the photon hit positions on the photo-cathode for
horizontally uniformly distributed proton entrance points (left) and for realistic HPS-240 case
(right) and reference design.

(indeed,y dispersion of scattered proton in forward detector is very limited), andx
positions uniformly distributed among the full range ofGASTOFacceptance. One can
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Figure 4.17:Mean number of produced photo-electrons in the reference design asa function
of the horizontal proton entrance positionXproton, and vertical positionY fixed to the mid-
height (Y =16.5 cm). The maximal signal is expected forXproton in the middle of the detector,
and efficiency decrease is observed whenXproton approaches a wall as (part of) the Cerenkov
light is absorbed.

clearly notice the slight decrease of the mean signal for horizontal entrance position
moving aways from the center, as part of the Cerenkov emission will be (highly or
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fully) absorbed by the wall material. Compared to protons emitted on the detector
symmetry axis, protons with initial position close to the beam wall produce a 40%
smaller signal if the reflectance of the aluminium wall is setto 20%, or even 50% if
it is assumed fully black as the opposite-beam wall. It is worth to note that the effi-
ciency never drops to 0% on average anyway, thanks to the geometric distribution of
the Cerenkov rays as a cone.

The spectrum of these detected photons is actually shown in Figure 4.18. Starting from
the pure spectrum of emitted Cerenkov rays, the effects of the collection and photo-
electron transformation are visible. For the photo-electron curve, the wavelength is
the one from the original photon. At the end of the process, the spectrum of photons
contributing to the signal is peaked for wavelengths around250 nm, mainly due to the
higher PMT quantum efficiency in this region.
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Figure 4.18: Spectrum of the produced Cerenkov photons, collected photons and photo-
electrons as a function of theγ wavelength, for realisticHPS-240 case and the reference design.
For the photo-electrons, the wavelength corresponds to the one of the initial photon.

One of the most important quantity (with the efficiencies dependence) that could be
derived from the simulation, is the photon time of arrival onthe photo-cathode. In-
deed, the time spread of the hits on the PMT will contribute tothe timing resolution
itself. For the∼ 15 cm longGASTOF, theRMS of the time distribution is only 1.5 ps
as it is shown in Figure 4.19, on which effect of the3.2 mm quartz window is also
visible.
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Figure 4.19:Time of arrival of photons on the photo-cathode for realisticHPS-240 case and
the reference design. The effect of the 3.2 mm quartz window placed front the photo-cathode is
emphasized by plotting the non-realistic case without such quartz layer.

4.6.3 Design variation

The same simulation package may also be used to search for thebest design by the
optimization of the detection efficiency and the time spread. Various modifications are
under study, and few of them are addressed in the following. All the parameters set
for the reference design are fixed, but the one under consideration.

Length influence

The total length of theGASTOFdetector, and hence the path length of the proton inside
the gas volume, has an influence on the timing measurement. Indeed, longerGASTOF

implies more Cerenkov photons created, but also larger timespread of the photo-
cathode hits. The effect is shown in the table below for different lengths computed as
the distance from the front face to the mirror. The realisticbenchmark simulation at
HPS-240 has been assumed.

Length Nphe− Mean Time RMS Time
0.162 m 2.56±0.01 749 ps 1.41 ps
0.2 m 2.94±0.01 876 ps 1.46 ps
0.25 m 3.28±0.01 1043 ps 1.51 ps
0.3 m 3.51±0.01 1210 ps 1.60 ps
0.35 m 3.65±0.01 1377 ps 1.66 ps
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As an example, roughly doubling the total length of the detector (16.2 to 30 mm), the
number of photo-electrons increases by∼ 35% for only a 0.2 ps extra contribution to
theRMS.

Pressure

Pressure inside the box has two effects on the physical process as the gas refractive
index is a function of the pressure:

n(p) =
√

1 + p (n2(1) − 1) (4.11)

with p the pressure expressed in units of atmosphere. Therefore, increased pressure
implies a larger refractive index and hence a larger Cerenkov angle of emission. In
addition, from equation 4.10, increased index also means that more Cerenkov photons
are emitted. The variation of the mean number of photo-electrons for realisticHPS-240
case is plotted in Figure 4.20.
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Figure 4.20:Mean number of produced photo-electrons as a function of the gas pressure into
theGASTOFvolume for realisticHPS-240 case.

It is by consequence planned to use the adjustment of the pressure to compensate the
decrease of the quantum efficiency because of the ageing issue.

Reflective wall

One of the major loss of signal comes from protons which are entering close to the wall
into GASTOF, and for which roughly half of the Cerenkov light is emitted into the di-
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rection of this wall. For the nominal simulation case, a fixedvalue of20% reflectance
has been set for the wall closest to the beamline, and one can see in Figure 4.21 that
the efficiency decreases for proton incoming position closer to beam-wall.
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Figure 4.21:Mean number of produced photo-electrons for realisticHPS-240 case and for
different beam wall material.

For the final design, it is therefore planned to built it with high-reflectance material.
To show the effect of such improvement, the beam wall has beenassumed to have the
same reflective properties as the mirror with the reflectanceplotted in Figure B.3; one
notices that for the same sample of realistic protons, the insertion of the mirror tends
to uniform the signal efficiency overx.

Lens

Finally, the last upgrade possibility that has been cross-checked with the simulation
software is the insertion of a lens between the exit window and the photo-cathode, and
aiming to focus the photons on the sensitive area of the PMT. Arealistic commercial
lens with transmission properties of Figure B.4 has been assumed for the simulation.
The Figure 4.22 shows the effect of the lens on the position ofphoton hits on the
photo-cathode where, the2D distance with respect to the area center is used. With the
usage of the lens, the whole reflected photons by the mirror are collected by the PMT,
while without focusing part of them were missed.
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Figure 4.22:Distribution of the detected Cerenkov hit distance to the photo-cathode center,
for realisticHPS-240 case, without (black line) and with (gray line) lens inserted after the exit
window.

Summary

The simulation of proton interaction within theGASTOFdetector, although it was built
with genericC++ classes simply based on linear geometry, showed to give valuable
predictions for the search of the final design. In particular, it predicts no region without
signal visibility.

In addition, the insertion of a lens and the increase reflectance of the wall close to the
beam are two possible options to improve the design: the firstto increase the signal
collection on the photo-cathode, the second to increase thesignal for near-to-wall
incoming protons.
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Part III

The measurements
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Chapter 5

Selection of the exclusive
processes at the LHC

“L’heure n’est pas aux exclusives“
J. Milquet, Belgian politician

“Il faut éviter les exclusives“
D. Bacquelaine, Belgian politician

“Il n’y a pas d’exclusive“
J.M. Javaux, Belgian politician

“Marre de toutes ces histoires d’exclusive“
C. Gennez, Belgian politician

With single-interactions, the exclusive signal from two-photon interactions in the cen-
tral CMS detector would be characterized by the presence of the prompt scatter, no
additional tracks, and no activity above threshold in the calorimeters. The presence of
pileup events with exclusive signal event will however spoil this picture by producing
additional tracks and energy deposits in the calorimeters.The exclusivity conditions
are therefore applied using the pixel and silicon tracker only, as the accurate track
and primary vertex reconstructions allow discrimination between different interactions
within the same bunch-crossing.

The principle for tagging (5.1), and the commissioning of the exclusivity conditions
with the calorimetry (5.2) and the tracking system (5.3) aresubjects of this chapter.

95
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5.1 Tagging exclusive processes at theLHC

The detection of two-photon interactions is simplified by the simple topology of the
final states. As illustrated in Figure 2.1, it is composed of the photons fusion result
X produced exclusively, and two forward protons. Without forward proton detectors
available in 2010 runs, the selection of exclusive processes –produced inγγ, γP and
CEP– has to be achieved with the central system of theCMS detector only.

The experimental features of exclusive processes are completely uncommon topp in-
teractions driven by QCD-type of physics: many other tracksproduced in association
with the central hard scatter of interest, and large forwardenergy deposit due to proton
remnants hadronisation after the interaction.

It is thena priori easy to select exclusive interactions among events frompp colli-
sions by imposing exclusivity of the pair in the detector. Using the high-level objects
available out of the reconstruction (Section 3.5), that would demand no other extra
tracks in tracker plus no calorimeter tower with a significant energy above the noise
level.

This definition of the exclusivity conditions would howeverbe inefficient to select
exclusive processes produced at theLHC, due to collider and detector concepts. On
the one hand, though theCMS detector has a large coverage of the forward region
thanks toHF, CASTOR andZDC calorimeters, the main source of background faking
exclusive events arises from inelastic photon exchanges asthese processes produce
particles at forward angles which escape outside theCMS coverage. The effect is
visible in Figure 5.1 showing the energy-|η| distribution of the most central particle in
the proton remnant.

On the second hand, the instantaneous luminosity deliveredby theLHC in 2010 went
up to 0.7µb−1s−1 (for non-certified periods it even reached 205µb−1s−1), lead-
ing to multiple interactions occurring simultaneously within the same bunch crossing,
and making it unusable information from the calorimetric towers to veto the inclu-
sive interactions. At theTEVATRON, theCDF collaboration had to face the same issue
and therefore decided to restrict the analysis to single-interaction events only. This
was made possible by looking at end-of-run events, where theprotons population per
bunch is significantly lower than at the beginning of the spill life, and therefore the
probability of overlap events. At theLHC in the 2010 data, less than20% of the total
luminosity was estimated to have been collected with single-interactions, leading to
a significant decrease of the available statistics if the full calorimeter veto is used. In
addition, the selection efficiency of exclusive sample could be strongly affected by
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Figure 5.1:Pseudo-rapidity (η) distribution of the most central particles produced in the proton
fragmentation after inelastic photon emission. The events are simulated with LPAIR interfaced
with JetSet andEp = 3.5 TeV, 1.07 < mN < 320 GeV.

’invisible pileup’, i.e. high-mass diffractive events which deposit large energy inthe
forward calorimeters but produce no signal in tracking system.

Instead, the track-based exclusivity conditions are successfully used to select exclu-
sive events in the harsh environment of overlap events, witha high inefficiency to
select fake inclusive events. The method consists in the rejection of all events with
any additional tracks associated to the primary hard scatter. The efficiency of the tech-
nique is discussed in Section 5.3.

Finally, the optimal technique to tag exclusive events would consist in the installation
of dedicated detectors located far from theIP and aiming to select events with small-
angle scattered protons. With the capability to tag such protons, both inclusive and
inelastic photon-exchanged events would be at a high level of rejection.

5.2 Calorimetry-based exclusivity conditions

The ”ZeroBias” data are triggered by beam bunch crossing,i.e. for signals with coin-
cidence betweenBPTX+ andBPTX- [88]. Since selecting all possible ZeroBias events
would use valuable bandwidth for the detectors read-out, only a fraction of them, with
a maximal frequency of 20 Hz, are recorded. Within theCMS collaboration, ZeroBias
data are used to study detector behavior in non-colliding beam crossing conditions
for jet energy background, beam-beam effects, etc. To our purpose, it will be used to
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monitor the mean noise level of each sub-detector with time.

The energy threshold for noise rejection is computed on a99% noise rejection basis,
independently for each sub-group of CaloTowers ofHF+ and HF-, as there are the
most forward sub-detectors and hence the most sensitive to the forward component of
the produced final state.

The99% noise thresholds are checked with two different beam conditions:

1. events withBPTX+ – BPTX- in coincidence and no valid tracks1 (blue);

2. events with exclusivelyBPTX+ or BPTX-, i.e. unpaired bunch crossing (black).

In addition, the maximal energy deposit due to real collisions events,i.e. coincidence
of BPTX+ – BPTX- and at least two tracks (red), is also displayed in Figures 5.2. The
leading calotower energies are displayed for two differentbeam conditions: on the
left plots for Runs between 132440 and 139975 where the instantaneous luminosity
reaches a maximum of 0.32µ−1s−1 (mean number of offline reconstructed primary
vetices is0.08); and on the right plot for Runs in 148819 to 149294 with maximum
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Figure 5.2:Leading calotower energy for low pileup (left) and high pileup (right) conditions.
Distributions are normalized to the same number of events between unpaired BX (black), paired
BX without tracker activity (blue) and paired BX with tracker activity (red).

of 0.71µ−1s−1 (mean vertex multiplicity is1.83). For barrel and endcap sub-regions
(not displayed here), calotower noises in paired and unpaired bunch-crossings are be-
having similarly, which proves that beam backgrounds were not relevant during the
commissioning phase for central detectors. On the contrary, one can notice a large

1A track is considered as valid if flagged asHighPurity track and|z| < 24 cm.
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discrepancy in theHF histograms, due to the fact the high-mass diffractive events may
lead to non-activity in the central tracker but may deposit some energy in the forward
region. This effect is visible in Figure 5.2 (black vs. blue), and one usually refers to it
as ”invisible pileup” effect since it is not seen by the tracking system.

To avoid this effect, only low-statistics but purer unpaired bunch crossing events are
in used to compute the noise rejection levels. The noise value for the first runs is
shown in Figure 5.3 forHF+ andHF- only. Starting from a initial value of 4.1 GeV
for HF+ and 3.3 GeV forHF-, one can notice a slight increase of the noise threshold
in both sides of the calorimeters. Various sources are at theorigin of this noise in-
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Figure 5.3:99% noise threshold forHF+ (blue) andHF- (green) over the time (one point per
run number), from Run 132440 to 144114. Only selected runs with significant statistics of
unpaired bunch are used.

crease. First of all, with increased number of bunches per fill, the number of parasitic
collisions grows. These are interactions happening outside CMS and for which fluxes
of produced particles are coming ”delayed” toCMS. For later runs not displayed here,
theLHC encountered a problem of vacuum leak which led to a large increase of beam
halos and pushed the99% noise threshold ofHFs to as high value as35 GeV with the
computation method used.

The efficiency of selecting exclusive interactions with calorimeter-veto, is then strongly
affected by the increase of instantaneous delivered luminosity by theLHC. In order
to prove once more the futility of the method, the Figure 5.4 shows the efficiency of
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selecting, among coincidentBPTX ZeroBias events, ’empty’ event by asking for less
than 5 CaloTowers with an energy above the noise as computed in the commissioning
period. The efficiency drops below50% already after L = 0.2µ−1s−1.
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Figure 5.4:Calorimeter exclusivity (NE>Enoise
< 5) efficiency vs. instantaneous luminosity.

5.3 Track-based exclusivity conditions

Since the method consisting of counting the extra CaloTowers cannot be used in high
pileup environment to select two-photon interactions, onehas therefore to restrict the
exclusivity search to the tracker coverage only (|η| < 2.5), as its fine granularity
allows to discriminate the different interactions occurring simultaneously by looking
at the reconstructed clusters of tracks.

Consequently, the philosophy is rather to count the number of extra tracks recon-
structed offline and associated to the hard scatter vertex toselect exclusive ones. For
γγ → µ+µ−, this selection rule is very powerful. Sometimes, electronic noise in the
tracker creates an extra fake track, but on average it reconstructed far from the original
vertex.

The power of the method is then strongly dependent of the efficiency to reconstruct
charged particles trajectory, even at low transverse momentum, on of their spatial res-
olution. The first factor was studied with Monte-Carlo samples of inclusive Drell-Yan,
for which any charged particle within the tracker coverage|η| < 2.5 is considered to
compute the efficiency to find an associated reconstructed track matching with it (re-
questing an angular distance∆R =

√

(∆η)2 + (∆φ)2 < 0.15). ThepT spectrum of
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gen andreco tracks, as well as the efficiency curve, are displayed in Figure 5.5. One
can notice that the tracking algorithm is very efficient downto 250 MeV, for which
tracking efficiency is still above80%. Below that threshold, it drops rapidly as almost
any charged particle withpT < 100 MeV is reconstructable. However, as majority
of the tracks are supposed to be produced with a transverse momentum larger than
250 MeV, the integrated efficiency remains quite high with roughly 85% of the spec-
trum reconstructed for inclusive Drell-Yan Monte-Carlo sample.
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Figure 5.5: Left: transverse momentum spectrum of any charged particles with|η| < 2.5

from inclusive Drell-Yan processes, at the generator level (black) and those matching with a
reconstructed track (grey). Right: Reconstruction efficiency as a function of generatedpT .

The primer selection criteria is therefore to select eventswith only a two-tracks vertex.
The efficiency of the method is display in Figure 5.6 showing the number of tracks on
vertex (but the two muon ones) for inclusive dimuon sample. Comparison with Drell-
Yan and dimuon-enriched QCD Monte-Carlo samples normalized to 40 pb−1 is also
done.

On the left plot, one sees that the globalN(extra tracks) multiplicity distribution is
reproduced by the addition of both inclusive samples; the high-multiplicity region is
dominated by the QCD-type of events, and the low-multiplicity by DY events. The
high fluctuations of the QCD sample is due to limited statistics, and in particular the
content in bins 3 or 6 is only due to one Monte-Carlo event witha large weight applied.
With increased Monte-Carlo statistics, one expects this bin to be ”diluted” among the
neighbors.

On the right plot, the zoom on the region of interest of exclusive processes shows an
excess in the0 extra-track bin which cannot be explained by inclusive Monte-Carlo
processes.
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extra-track veto is then applied around this position, and the event is accepted if no
tracks fall withing the veto.

The efficiency and rejection of the track-veto are studied asa function of the veto-size
for the ZeroBias “signal” and Drell-Yan background (Figures 5.7 for the comparison
and Figure 5.8 for the full data computation). With no extra vertices in the ZeroBias,
the efficiency approaches100% as expected for the no-pileup situation. With the
addition of overlap events the efficiency decreases, reaching ∼ 65% with 8 extra
vertices reconstructed.

Figure 5.7: Efficiency vs. distance to closest track computed with ”fake” vertex method in
ZeroBias data (right) and for Drell-Yan Monte-Carlo events (left).

The properties of the extra tracks are displayed on the plotsat Figure 5.9. Among
selected events passing all the trigger and kinematic criteria, tracks within the range
0 − 2 mm around the primary dimuon vertex are chosen to fill the histograms. The
large majority of these tracks have a large number of hits, and 94% are tagged as high-
purity tracks. Most of them are reconstructed with a transverse momentum below
1 GeV, down to100 MeV.
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Figure 5.8: Efficiency vs. distance to closest track computed with ”fake” vertex method in
ZeroBias data.
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Figure 5.9: Properties of extra tracks within the2 mm range around the primary vertex.
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5.4 Pileup effect on track-veto

An additional correction is applied to account for the presence of extra interactions
in the same crossing as a signal event. These pileup interactions will result in an
inefficiency if they produce a track with a position within the nominal2 mm veto
around the dimuon vertex. This effect is studied in ZeroBiasdata using the method
described in Section5.3. The nominal2 mm veto is then applied around the dimuon
vertex, and the event is accepted if no tracks fall withing the veto. Efficiencies are
computed for each different beam bunch crossing configuration per unit of roughly 25
seconds. They are reweighted according to the associated normalised instantaneous
luminosity per bunch. The resulting corrections are95.69% for Run2010A, 91.85%

for Run2010B, and92.29% for the full 2010 data set, with negligible statistical un-
certainties.

The exclusivity efficiency variation with time is displayedin Figure 5.10, where the
2 mm track-veto (averaged over all beam configurations of a run) is shown for each
run, labelled from 1 to 281. For runs within the sameLHC fill, the efficiency increases
with time, due to lower population of the proton bunches at the end of a fill. Similarly,
the efficiency decreases in the later runs, corresponding tohigher pileup.
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Figure 5.10:Track-based exclusivity efficiency vs. Run number, for a 2 mm veto size.

The efficiency (averaged over all runs) with respect to Bunch-Crossing (BX) is dis-
played in Figure 5.11 (right); no significant dependence is observed.

This dependence of the efficiency with the pileup conditionsis clearly visible in Fig-
ure 5.12, showing the mean efficiency with respect to the instantaneous delivered lu-
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Figure 5.11: Track-based exclusivity efficiency vs. bunch-crossing (right), for a 2 mm veto
size. The weight associated to each run of Figure 5.10 is also displayed (left).

minosity expressed inµb−1s−1. Two different regimes are observed: for events taken
with L < 0.35 µb−1s−1, the efficiency is decreasing as

ǫ = 0.9988 − 0.2085 × L

while for higher instantaneous luminosities, the reduction is larger as

ǫ = 1.0194 − 0.2810 × L
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Figure 5.12:Track-based exclusivity efficiency vs. instantaneous luminosity, for a2 mm veto
size
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As a cross-check, an alternative efficiency computation uses the track-veto efficiency
as a function of the number of visible primary vertices, reweighted by theN − 1

vertex multiplicity derived from inclusive dimuon data triggered on the same data-
taking period. The method, illustrated in Figure 5.13, results in a92.55% efficiency

 # extra vertices 
0 2 4 6 8 10

 E
ffi

ci
en

cy

0

0.2

0.4

0.6

0.8

1

2mm veto 

Figure 5.13:Track-based exclusivity efficiency vs. the number the number of visible vertices
derived from the ”fake vertex” method in ZeroBias data (black dots). Plain line shows the
(N − 1) vertices distribution derived from inclusiveµ+µ− data, while the shaded zone is the
multiplication of both.

correction for the wholeRun2010 era, which is fully consistent with the92.29%

found with the nominal method, both with negligeable statistical uncertainties.
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Chapter 6

Measurements of exclusive
dimuons with the CMS detector

“The trouble with measurement is its seem-
ing simplicity”

Unknown author

Work done in collaboration with Jonathan Hollar

First measurement is reported of the exclusive two-photon production of muon pairs,
γγ → µ+µ−, in proton-proton collisions at

√
s = 7 TeV. For the muon pairs with

invariant mass above11.5 GeV/c2, and withpT (µ) > 4 GeV/c and|η(µ)| < 2.1, 148
candidates are found in theCMS data sample of39.7 pb−1, with roughly half of them
being fitted as from elastic-elastic contribution.

It shows a proof-of-principle that one can select exclusiveevents produced in pileup
conditions with the set of techniques developed in the previous chapter.

The characteristic distributions of the muon pairs produced via γγ fusion are well
described by the full Monte-Carlo simulation using the LPAIR event generator. Small
and well understood Drell-Yan background to the process is observed.

The exclusive photo-production of vector mesonsγP → J/Ψp (71 candidates) and
γP → Υ (64 candidates) have also been observed.

109
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6.1 Exclusive dimuon final states phenomenology

The two-photon production of muon pairs is a pure QED process: the incoming pro-
tons from theLHC beamline exchange photons with small virtualities. Photons fuse
to produce a pair of muons which is possibly detected within the centralCMS detec-
tor. After photon-exchange, the two protons remain intact and are scattered at small
angle. The process is schematically represented by its Feynman diagram on the left
side in Figure 6.1. Unless on can tag the protons with the HighPrecision Spectrom-
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γ

γ
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Figure 6.1:Feynman diagrams for exclusive and semi-exclusive dimuon signal: elastic-elastic
γγ → µ+µ− (left), elastic-inelastic (middle) and inelastic-inelastic (right).

eter stations (which is not available in 2010-2011 runs), the semi-exclusive processes
involving (single− anddouble−) inelastic photon exchange, hence leading to pro-
ton dissociation, become an irreducible background that needs to be suppressed (see
middle and right side of Figure 6.1). The expectations from the LPAIR Monte-Carlo
generator –for which the generation principles have been detailed in Section 2.3– for√
s = 7 TeV, with acceptance cuts onpT (µ) > 1.5 GeV and|η(µ)| < 3 are:

σ(pp(γγ) → pµ+µ−p) = 108.5 pb

σ(pp(γγ) → pµ+µ−Y ) = 122.1 pb (6.1)

σ(pp(γγ) → Y1µ
+µ−Y2) = 47.4 pb

with Y representing the proton-dissociative part. The elastic-elastic cross-section is
known at the impressive precision ofO(1%), which makes it a strong candidate pro-
cess for the integrated luminosity calibration as detailedin Chapter 7.

On the contrary, inelastic photon-exchange processes are much less controlled theo-
retically, and require inputs from the proton structure function measurement and cor-
rections for proton rescattering. One usually assigns a20% uncertainty on the photon
flux.
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However, these semi-exclusive events have significantly modified kinematical distri-
butions compared to the elastic-elastic signal, and thus allow for an efficient sepa-
ration. The phenomenology of these different interactionsis shown in Figure 6.2.
Acceptance cutspT (µ) > 3 GeV and|η(µ)| < 2.5 are applied to all Monte-Carlo
samples. From top to bottom, from left to right, theµ+µ− invariant mass, the single
muon transverse momentum, thepT balance|pT (µ+)−pT (µ−)| and the acoplanarity
|φ(µ+)−φ(µ−)|/π are displayed. It clearly shows that, at least at generator level, the
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Figure 6.2:Muon kinematics comparison for elastic and inelastic photon-exchange processes,
with pT (µ) > 3 GeV and|η(µ)| < 2.5

elastic-elastic signal has the unique property to have muons produced back-to-back in
the transverse plane (∆φ ≃ π) and balanced inpT (∆pT ≃ 0). These striking features
are present thanks to the very small virtualities of the exchanged photons.

Another source of exclusive muons comes from the photo-production of vector mesons
J/Ψ, Ψ(2S), Υ(1S), Υ(2S), Υ(3S) decaying to two muons (see left side in Fig-
ure 6.3, resulting from the interaction of a pomeron with aqq̄ excitation from a photon.
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Figure 6.3:Feynman diagrams contributing to exclusive quarkonium signal: photo-production
of Υ (left) and CEP ofχb states (right). Similar diagrams can be drawn for the photo-production
of J/Ψ and for the corresponding CEP ofχc.

While photo-produced events result from different physics process, their experimen-
tal signatures are very similar to theγγ → µ+µ− ones. However, they are eas-
ily suppressed by adding a cut window on the invariant mass reconstructed with the
two muons. Kinematical distributions for the elasticJ/Ψ andΥ photo-production
generated with StarLight ([90] and details in the corresponding sections) are dis-
played in Figure 6.4 with a comparison to the LPAIR prediction. Acceptance cuts
pT (µ) > 1 GeV, |η(µ)| < 2.5 andm < 12 GeV have been set to the whole Monte-
Carlo samples. Specific studies of observation of exclusiveJ/Ψ andΥ events at the
LHC have been performed in Sections 6.6 and 6.5 respectively.

Finally, exclusive muon pairs may also arise from the Central Exclusive Production
of χ states. Strictly speaking, the muon pair is not produced exclusively as an extra
photon is created from theχc andχb decays, as shown in Figure 6.3. However, the
energy of the photon is usually too soft (〈E〉 < 1 GeV) to produce a significant
signal above the calorimeter noise. The photon energy spectrum from the CEP ofχb

(left) andχc (right) as predicted by the SuperChic generator ([92] and details in the
corresponding sections) is shown in Figure 6.5.
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Figure 6.4:Muon kinematics comparison for elasticγγ → µ+µ− andγp → V M p. Details
are given in the text.
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6.2 Event selection

The dataset used for this analysis corresponds to an integrated luminosity of39.70 pb−1,
collected at a center of mass energy

√
s = 7 TeV. In order to maintain a consistent

trigger selection across the entire dataset, several inputPrimary Datasets are used for
different data-taking periods, similary as in [7].

The selection of signal proceeds in three steps. First, fromthe sample of triggered
events, the exclusivity selection is performed to keep onlyevents with no other tracks
than the two muons. Then, the muons are required to satisfy some identification cri-
teria. Finally, highly-constrained 4-momentum of the signal muons is used to apply
strong kinematic cuts. All selection steps are described inthe following.

6.2.1 Trigger and muon selection

Events were selected online by an algorithm trigger requiring the presence of two
muons with a minimumpT of 3 GeV. Muons are reconstructed offline by combining
information from the muon chambers with charged tracks reconstructed in the silicon
tracker, using a “tight” muon selection [89, 7]. We request apair of oppositely charged
muons, both passing the muon selection.

6.2.2 Vertexing and tracking exclusivity

The selection requires a valid vertex with exactly two muons, with very loose con-
straint on the observedχ2. The power of the selection criteria is illustrated in Fig-
ure 5.6 and commented in the text. The dimuon vertex is further required to be con-
sistent with a collision inCMS, by requiring|z| < 24 cm, and a transverse position
0.05 < |dXY | < 0.15 cm. The asymmetric cut is due to the1 mm difference between
beam center andCMS origin coordinates in transverse plane.

In order to reduce the background from inclusive Drell-Yan and QCD dimuon produc-
tions, which typically have many tracks originating from the same vertex as a prompt
muon pair, the dimuon vertex is required to be separated by> 2 mm from any addi-
tional tracks in the event, using the method developed in Section 5.3.

6.2.3 Kinematic selection

In order to minimize systematic uncertainties related to modelling of the muon effi-
ciencies, only muons withpT > 4 GeV and|η| < 2.1 are retained. In addition, the
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contribution from exclusive photo-production ofγp → Υp → µ+µ−p is removed by
requiring the muons have an invariant massm(µµ) > 11.5 GeV.

A possible contamination could arise from cosmic muons, which will produce similar
signature as the signal from exclusiveγγ → µ+µ−. However, they will be back-
to-back in the transverse and in the longitudinal planes. Requiring an opening angle
smaller than0.95π will therefore eliminate any cosmic muons contribution as dis-
cussed in 7.3.7.

In order to further suppress the proton-dissociation background, the muon pair is re-
quired to be back-to-back in azimuthal angle (|∆φ(µµ)/π| > 0.9) and balanced in
momentum in the transverse plane (|∆pT (µµ)| < 1.0 GeV).

The effect of each step of the selection on the data and signaland background Monte-
Carlo samples is shown in Table 6.1. After all selection criteria are applied 148 events
remain, where from simulation half are expected to be signalElastic-Elastic events.
The contribution from exclusive production ofΥ andχb is not simulated here, and

Selection Data Signal p diss Double p diss DY
Trigger 7.87M 301.44 522.89 276.80 54563
Vertex + Track-exclusivity 921 246.91 436.85 197.12 55.88
Muon ID 724 193.38 335.46 159.59 52.84
pT > 4 GeV, |η| < 2.1 438 131.68 240.83 106.42 19.70
m(µµ) > 11.5 GeV 270 94.52 187.26 85.79 12.49
3D-angle< 0.95π 257 87.18 178.43 83.33 12.06
1 − |∆φ/π| < 0.1 203 87.18 126.22 41.01 8.33
|∆pT | < 1.0 GeV 148 86.39 78.63 16.06 2.74

Table 6.1:Number of events selected in data and number of signal and background expected
from simulation for an integrated luminosity of39.7 pb−1 at each selection step. For entries in
the line “Muon ID” and below, all efficiency corrections are applied to the simulation.

therefore contributes in the data before requiringm(µµ) > 11.5 GeV.

Two event display of exclusive dimuon events passing the above selection and recorded
with single interaction beam-crossing are shown in Figure 6.6. The same display prop-
erties than in Figure 1.5 have been used:ET (ECAL)> 400 MeV,ET (HCAL)> 1 GeV,
pT (track)> 100 MeV. Except theHCAL energy deposit
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Figure 6.6:Event display of exclusive dimuon events in single interaction beam crossing.



6.3. Data-driven efficiency correction 117

6.3 Data-driven efficiency correction

6.3.1 Muons efficiency

The trigger and offline muon selection efficiencies are obtained from the Tag-&-
Probe [89] method using the samples of inclusiveJ/ψ → µµ andZ → µµ events
from data and Monte-Carlo. These control samples are triggered on one leg only,
such that the other track leg used to evaluate the efficiency is unbiased. BelowpT =

20 GeV muons fromJ/ψ are used, while above 20 GeV muons fromZ are used. The
efficiencies are measured in bins ofpT , unsignedη, and charge. In addition, due to
the change inL1 trigger and the introduction of the cascade algorithm atHLT , the
efficiencies are separated betweenRun2010A andRun2010B. The resulting effi-
ciency corrections are displayed in Figures 6.7, where the relative difference between
data and Monte-Carlo simulation shown in each bin is appliedas a correction to the
Monte-Carlo. It has to be noticed that the applied efficiencies are also computed as
function of the muon charge, while it is integrated over for the plot.
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Figure 6.7:Single Muon efficiency correction forHLT + Muon ID steps as a function of
pT (µ) andη(µ) integrated on charge, forRun2010A (left) andRun2010B (right) periods.

6.3.2 Tracking and Vertexing efficiency

The tracking efficiency is determined using the Tag-&-Probemethod onJ/ψ →
µ+µ− events. This is done by requiring a muon tag that, when combined with a
stand-alone muon reconstructed without the silicon tracking, is consistent with aJ/ψ.
The tracking efficiency is then measured on the unbiased stand-alone muon probe leg.
The efficiencies are measured in data and Monte-Carlo simulations integrated over
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|η| < 2.1, pT > 4 GeV, and taken to be uncorrelated between the two tracks. The
resulting data/MC ratio for the pair of(99.18 ± 0.14)% is applied as a correction to
the efficiency.

As the vertexing efficiencies between data and simulation agrees at a99.97%-level
(see Section 5.3), no correction is applied for such effects.

6.3.3 Pileup efficiency

Another correction is applied to the Monte-Carlo simulation to account for pileup
events in the triggered data, while LPAIR and Pythia Monte-Carlo samples were gen-
erated without any extra simultaneous interaction. In the full data sample the average
number of extra vertices is 2-3, with less than 10% with≥ 4 extra vertices. Follow-
ing the computations from Section 5.4, corrections of95.69% for Run2010A and
91.85% for Run2010B are used.

6.4 Observation of exclusiveγγ → µ+µ−

The final invariant mass distribution in the signal region, after applying all selections
and efficiency corrections is shown in Figure 6.8. The Monte-Carlo contribution has
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Figure 6.8:Invariant mass spectrum, with all selections applied.
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been normalized to the best-fit signal and background yield from the luminosity study
in Section 7.2.

The highest-mass event is at76 GeV; no events consistent withZ → µ+µ− are ob-
served, as expected for exclusive production in which theγγ → Z process is forbid-
den at tree-level.

In Figures 6.9- 6.11, the data and Monte-Carlo expectationsare similarly compared for
thepT , η, φ of single muons passing all selections, but the one displayed if relevant.
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Figure 6.9:Single muon pseudo-rapidity with all selections applied but theη cut, forµ+ (left)
andµ− (right)
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Figure 6.10:Single muon transverse momentum with all selections applied but thepT cut, for
µ+ (left) andµ− (right).
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Figure 6.11:Single Muonφ angle with all selections applied, forµ+ (left) andµ− (right).

In Figures 6.12- 6.14 thepT , η,∆pT ,∆φ,∆ηare plotted for the muon pair.

) [GeV]µµ(
T

p
0 0.5 1 1.5 2 2.5 3 3.5

E
ve

nt
s/

0.
15

 G
eV

0

5

10

15

20

25

30

35 data
-µ+µ → γγEl.-El.       
-µ+µ → γγInel.-El.    
-µ+µ → γγInel.-Inel. 

-µ+µ → γZ/

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

)µµ(η
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

E
ve

nt
s/

0.
2

0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

5

10

15

20

25

Figure 6.12:Muon pair transverse momentum (left) and pseudo-rapidity (right).

The detection of exclusive muon pairs produced through two-photon interactions is
the concretein− situ demonstration of the performance of the methods for selecting
exclusive events developed in the previous chapter and driven by need to make it
within pileup environment.

The characteristic distributions of the muon pairs produced via γγ fusion, as the dis-
tributions of pair acoplanarity and its transverse momentum, are well described by the
full Monte-Carlo simulation using the matrix-element LPAIR event generator and the
single muon corrections for muon triggering, tracking and reconstruction from Tag-
&-Probe method. The observed background from inclusive Drell-Yan and detection



6.4. Observation of exclusiveγγ → µ+µ− 121

| [GeV]
T

 p∆ |µµ
-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

E
ve

nt
s/

0.
1 

G
eV

-110

1

10

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
-110

1

10

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
-110

1

10

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
-110

1

10

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
-110

1

10

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
-110

1

10

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
-110

1

10

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
-110

1

10

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
-110

1

10

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
-110

1

10

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
-110

1

10

|π / φ ∆ 1-|µµ
0 0.05 0.1 0.15 0.2 0.25 0.3

E
ve

nt
s/

0.
00

5

-110

1

10

210

0 0.05 0.1 0.15 0.2 0.25 0.3

-110

1

10

210

0 0.05 0.1 0.15 0.2 0.25 0.3

-110

1

10

210

0 0.05 0.1 0.15 0.2 0.25 0.3

-110

1

10

210

0 0.05 0.1 0.15 0.2 0.25 0.3

-110

1

10

210

0 0.05 0.1 0.15 0.2 0.25 0.3

-110

1

10

210

0 0.05 0.1 0.15 0.2 0.25 0.3

-110

1

10

210

0 0.05 0.1 0.15 0.2 0.25 0.3

-110

1

10

210

0 0.05 0.1 0.15 0.2 0.25 0.3

-110

1

10

210

0 0.05 0.1 0.15 0.2 0.25 0.3

-110

1

10

210

0 0.05 0.1 0.15 0.2 0.25 0.3

-110

1

10

210

0 0.05 0.1 0.15 0.2 0.25 0.3

-110

1

10

210

0 0.05 0.1 0.15 0.2 0.25 0.3

-110

1

10

210

Figure 6.13:Transverse momentum difference (left) and acoplanarity (right), with all other
selections applied.
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Figure 6.14:Transverse momentum difference (left) and acoplanarity (right), with all selec-
tions applied.

is well understood, and the detection efficiencies are undergood control, including
corrections for the significant event pileup.

This observed agreement between data and MC predictions reinforces the idea to use
deviations from the Standard Model rates and kinematics to probe new physics, as
in the search for anomalous quartic gauge couplings. In addition, these reactions are
good candidates for the absolute luminosity calibration (Chapter 7) and for the a pre-
cision calibration of momentum scale and resolution ofHPS.

In 39.7 pb−1, the measured cross-section for thepp → pµ+µ−p prediction in the
kinematic regionpT (µ) > 4 GeV, |η| < 2.1 is 3.352+0.571

−0.534 (stat.) ± 0.146 (sys.) pb
with respectively statistical and systematic errors. The systematic errors are coming
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from studies performed in the next chapter. That values has to be compared to4.079±
0.163(lumi.) ± 0.041(theory) pb predicted by LPAIR, with the4% uncertainty on
the delivered luminosity atCMS.

6.5 Observation ofγp → Υp

The search for exclusive Upsilon photo-production is performed using the same selec-
tions and cuts than for theγγ → µ+µ− one. The mass window is however restricted
to 8.5 < m < 11.5 GeV only for the search, and in9.1 < m < 10.6 GeV for the data
and Monte-Carlo comparison.

The mass spectrum is shown in Figure 6.15, among with the expectation of two-photon
processes from LPAIR, inclusive Drell-Yan from Pythia andγP → Υ → µ+µ− from
StarLight [90].
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Figure 6.15:Invariant mass spectrum inΥ mass range, with all selections applied. Data is
compared to the prediction from StarLight (blue), exclusive LPAIR (orange) and semi-exclusive
LPAIR (green).

The StarLight Monte-Carlo generator is meant for, among other processes, the simula-
tion of exclusive photo-production of vector mesonpp(γP) → pVMp. The generator
uses the usual equivalent photon spectrum for theγ side, and photon-proton cross sec-
tion as measured by experiments atHERA and at fixed target experiments with lepton
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beams are used as input for theP side. For the Upsilon photo-production, the pa-
rameterizationσγp = 0.06 W 1.7

γp pb (withW in GeV), which is in agreement with
both HERA results, was used to compute the cross-section. Taking intoaccount the
branching ratiosΥ(nS) → µ+µ−, the StarLight predictions for

√
s = 7 TeV are:

σ(pp(γP) → pΥ(1s)p) × BR(Υ(1S) → µ+µ−) = 13.5 pb

σ(pp(γP) → pΥ(2s)p) × BR(Υ(2S) → µ+µ−) = 4.5 pb (6.2)

σ(pp(γP) → pΥ(3s)p) × BR(Υ(3S) → µ+µ−) = 3.6 pb

The expectation of StarLight Monte-Carlo, with all muon, tracking and pileup correc-
tions applied is 36.8 events. However, one needs to remind that inelasticΥ photo-
production simulation is not included.

Alternatively, a fit on the data is performed to retrieve the actual yield. A single Gaus-
sian with floating mean and width is used for theΥ(1S) resonance, a flat background
for the continuumγγ → µ+µ−, and theΥ(2S) andΥ(3S) means and widths are
fixed to the nominal PDG values. The fit results predict yieldsof roughly27 : 13 : 6

events forΥ(1 : 2 : 3 S) respectively.

Figure 6.16:Fit on the invariant mass spectrum. Details in the text.

The comparison of the data and the Monte-Carlo simulation isdone in Figures 6.17 to
6.19, with the mass window restricted to9.1 < m < 10.6 GeV and all other selection
cuts as before. From top to bottom, plots show the dimuon-related kinematicsp2

T (µµ)
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Figure 6.17:Muon pair transverse momentum squared (left) and pseudo-rapidity (right).
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Figure 6.18:Transverse momentum difference (left) and acoplanarity (right).
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Figure 6.19:3-dimensional dimuon opening angle (left), and transverse vertex position (right).
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andη(µµ); the acoplanarity andpT -balance; the3D opening angle and the transverse
vertex position.

Assuming that the differences in the data and Monte-Carlo comparisons come only
from the StarLight exclusiveΥ part, as the agreement of the LPAIR two-photon pro-
duction of muon pairs with the data outside the Upsilon mass range was excellent, sev-
eral conclusions may be drawn, with the large caution that noinelastic photo-produced
events and no CEP processes were included in the simulation.

With limited statistics, one can however shows that thep2
T spectrum is not well re-

produced by the StarLight plus LPAIR Monte-Carlo samples. The reasons for such
difference may be double. First, as demonstrated in [90] quantum mechanical inter-
ferences although it does not affect the cross-section value in a significant way, it may
alter thepT spectrum near mid-rapidity. Secondly, inelastic photo-production should
contribute at higherpT values, where precisely Monte-Carlo expectation is in deficit.

Similar discrepancies are also visible in the∆φ spectrum, where more data populate
the tail than expected with purely exclusiveΥ plus LPAIR; but fewer are found in the
first bin.

Among the other distributions, once can notice that no events are found with a highly-
displaced transverse vertex, which would have been the signof a possible contamina-
tion by inclusiveΥ events.

Contamination from pp(CEP) → pχbp

The contribution of events in theΥ(1S) peak due to central exclusive production
of χb was investigated through the simulation of such processes with the SuperChic
generator [92], based on publications [93, 94, 95]. One of the major ingredient for
the cross-section estimation is the value of the survival probability 〈S2〉 that the pro-
tons will survive despite soft rescattering between the protons (notedS2

eik for eikonal
factor) and the interactions between intermediate partons(notedS2

eng for enhanced
factor).

Using the nominal survival factor ofS2
eik = 3.6%, 11% and8.8% respectively for

χb0, χb1 andχb2, andS2
enh = 45% for all, the production cross-sections lead to

significant rate of exclusiveχb states produced during the 2010 period at the LHC,
up to 105 pb for the CEP ofχb(0

++). However, taking into account the recently
published measurements ofχbJ

→ γΥ(1s) branching ratios fromCLEO [96], and the
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decay rate ofΥ(1S) into two muons from the PDG, one gets:

σ(pp(CEP) → pχb0p) × BR(χb0 → γ Υ(1S) → γ µ+µ−) = 0.0494 pb

σ(pp(CEP) → pχb1p) × BR(χb1 → γ Υ(1S) → γ µ+µ−) = 0.0026 pb

σ(pp(CEP) → pχb2p) × BR(χb2 → γ Υ(1S) → γ µ+µ−) = 0.0057 pb

Generated events were passed through the same reconstruction and analysis proce-
dure. With all corrections applied, the prediction is only of 0.263 events for the data
collected in39.7 pb−1 with the present selection criteria.

6.6 Observation ofγp → J/Ψp

Due to different kinematics involved in the process, the analysis of exclusiveJ/Ψ
production requests different selection criteria. Indeed, because of the low-mass of
theJ/Ψ around3.1 GeV and since the vector meson state is produced almost at rest
in the transverse plane but boosted in one direction inz, final state muons are in
general of very low-pT and high-η. That demands by consequence a modification of
the requirement at each steps of the selection, from the trigger to the kinematics.

On online selected events by a specialHLT path (see Appendix A), looser muon
reconstruction criteria than before are applied, keeping only the requirement to have
tracker muons. Since the reconstruction has been seeded by any tracker track with
pT > 0.5 GeV matching at least one muon segment, a specific muon identification1

has to be applied to discriminate between real muons which have tendency to pene-
trate through the whole muon system or fake signal from kaonsand hadrons which are
usually stopped earlier [97].

To account for specific kinematics of theJ/Ψ events,pT threshold was removed and
in addition, the pseudo-rapidity cut was enlarged to|η| < 2.4 instead of2.1 in the
other analyzes. To avoid displaced vector meson vertices from inclusive production,
we restricted the allowed transverse vertex position to[0.8, 1.2] cm instead of the usual
[0.5, 1.5] cm. The same tracking and vertexing exclusivity conditionsthan before were
applied.

The mass spectrum, from the lowest-mass exclusive dimuon event recorded (m =

2.64 GeV) to 4.5 GeV is shown in Figure 6.20 with the expectation from exclusive

1TMLastStationAngLoose
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pp(γP) → pJ/Ψp process generated with StarLight, and the central exclusive pro-
ductions ofχc0, χc1 andχc2. One can notice a clear peak round the vector meson
mass, plus a second around3.7 GeV corresponding to the exclusiveΨ(2S) photo-
production.
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Figure 6.20:Invariant mass spectrum inJ/Ψ mass range. Uncorrected Monte-Carlo predic-
tions from StarLight (pink) and SuperChic (yellow) are also displayed.

The parameterization used to compute theJ/Ψ photo-production production cross-
section,σγp = 1.5 W 0.8

γp pb (with W in GeV), gives the following prediction for√
s = 7 TeV:

σ(pp(γP) → pJ/Ψp) × BR(J/Ψ → µ+µ−) = 3024.3 pb (6.3)

However, it clearly shows that other sources of exclusiveJ/Ψ production than the
elastic photo-production generated by StarLight contribute to the signal. The back-
ground from two-photon interactions can be estimated by fitting the side-bands out of
theJ/Ψ peak and extrapolating into the signal region; it predicts acontamination of
1.875 events. Contamination from inclusiveJ/Ψ samples should also be very limited
thanks to the tight transverse vertex cut that is set (±0.2 mm around the beam spot).

Therefore, the other components should be the inelasticγP production, and the Cen-
tral Exclusive Production ofχc meson which decays to aJ/Ψ plus a soft photon. The
prediction from SuperChic [92] computed with the PDG valuesof the branching ratios
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gives:

σ(pp(CEP) → pχc0p) × BR(χc0 → γ J/Ψ → γ µ+µ−) = 188.40 pb

σ(pp(CEP) → pχc1p) × BR(χc1 → γ J/Ψ → γ µ+µ−) = 129.47 pb

σ(pp(CEP) → pχc2p) × BR(χc2 → γ J/Ψ → γ µ+µ−) = 43.06 pb

which are much higher that the ones for central exclusive production ofχb’s states.
The values of the eikonal survival factor for these processes are3.7%, 11% and8.4%

respectively. The enhanced survival probability was computed to be32% for whole
of them. One expects therefore a larger contamination in theJ/Ψ peak than it was
the case for theΥ(1S) analysis. Numbers of the cross-section values are directly
comparable with the one ofJ/Ψ photo-production quoted above.

As we are dealing with a very unusual kinematical regions of high-η and low-pT

muons, muons simulation and reconstruction in this range are not perfectly controlled.
Extra efforts have to be done to get the correct efficiency to apply to those muons for
a full analysis, and to have a clear knowledge of the different contributions from CEP
and photo-production.

In addition, as it was demonstrated in [98], the theoreticaluncertainty on the gluon
density and the experimental uncertainty on the pomeron remnant visibility are such
that non-exclusive background from double-pomeron exchange processes could be of
similar level as the exclusiveχc signal at theLHC, and have to be consider in the
present analysis.

Exclusive photo-production at the LHC

Although photo-production processes come from different type of physics involving
photon and hadronic objects, their final states are producedwith similar experimental
signature of exclusive muon pairs with striking kinematicsthan two-photon type of
events. Therefore, all selection techniques developed forthe selection ofpp(γγ) →
pµ+µ−p events are directly applicable to detect exclusive photo-production. With the
observation of theJ/Ψ, Ψ(2S) andΥ(nS) peaks in the invariant mass distribution of
exclusive muon pairs, new possibilities to study diffraction at high energy appear.

The measurement of any cross-section is a difficult study to tackle. Indeed, the value
of σ(γp→ VMp) is irrelevant if not quoted as a function ofWγp, the photon-proton
center of mass. AtHERA, this task was simplified by the fact that the ’proton side’
and the ’photon side’ were clearly identified, and the recoils easily measurable. On
the contrary at theLHC, there is no possibility to distinguish which proton emitted the
pomeron or the photon.
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Chapter 7

Absolute luminosity calibration

“For offline analyzes, the design goal is a systematic
accuracy of 5%, although every reasonable effort will
be made to produce a more accurate result”

CMS TDR, ’Luminosity’ chapter (2006)

The integrated luminosity is a fundamental quantity to all physics analyzes for an
absolute normalization of the observed cross-section. This is essential when the results
have to be put in perspective with the expectation from the theory, for instance to claim
a discovery or to release precision measurement. The determination of the absolute
luminosity, i.e. the number of delivered collisions between protons, has therefore to
be measured with the highest accuracy.

7.1 LHC Luminosity determination

Within CMS, the instantaneous and integrated luminosities for the 2010 data were
initially measured from the occupancy of theHF detector [99]. Two different methods
to get the real-time luminosity are used: the measurement ofthe average fraction
of empty HF towers to derive the mean number of interactions per bunch crossing
(”zero-counting” method), or alternatively the measurement of average energy per
tower which scales linearly with the luminosity. Overall calibration is performed with
Van der Meer scans aiming to measure size and shape of the interaction region by
recording the relative interaction rate as a function of transverse beam separation. The
overall systematic error on the absolutelumi value of4% is dominated by theLHC

131
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beam current intensity uncertainty (1.7%), by the variation between both methods
(2.5%) and by length-scale for beam-separation determination (1.2%).

An alternative method to normalized the luminosity is to monitor the production rate
of W andZ vector bosons and compare them to NNLO calculations [100]. The main
issues are from the uncertainties on the PDF and the geometric acceptance of the de-
tectors.

Since the exclusive two-photon production of lepton pairs is basically a pure QED
process, with small theoretical uncertainties and striking kinematic distributions, it
comes to be an attractive candidate for absolute calibration of luminosity ofpp col-
lisions [31, 32]. Indeed, detailed studies showed that corrections due to hadronic
interactions between the elastically scattered protons are well below 1% and can be
safely neglected [31].

7.2 Signal selection

After all selections and muon corrections applied, prediction from the Table 6.1 is that
the sample of exclusive dimuon consists roughly of 50% of signal and 50% of irre-
ducible background dominated by single photon-exchange processes. For the future
luminosity calibration, ones wants to extract only the exact contribution from elastic-
elastic signal, with a minimum of contamination from (single and double) inelastic
photon-exchange backgrounds. Hopefully, as it can been observed on generator-level
distributions in Figure 6.2, these processes have significantly modified kinematics,
which allow for an effective separation.

The elasticpp(γγ) → pµ+µ−p contribution is therefore extracted by performing a 1-
D binned maximum-likelihood fit to thepT (µµ) distribution. Monte-Carlo templates
are used for the elastic-elastic signal, single inelastic,double inelastic, and Drell-Yan
contributions forL = 39.7 pb−1 and all corrections applied, as displayed in Fig-
ure 7.1. This variable has the advantage to be directly related to thet variable and
therefore expects significantly different shapes for the signal and the background: the
elastic-elasticγγ → µ+µ− process is peaked in the ’small-pT (µµ) region’, and drops
rapidly with almost no contribution abovepT (µµ) = 0.5 GeV; while for the single-
inelastic processes, events rather populate the ’high-pT (µµ) region’ with a large tail.

The fit contains 3 free parameters: one for the global normalization and two for the
single inelastic process modelling: one parameter to correct its yield relative to the
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Figure 7.1: Input data (top left) and Monte-Carlo templates for the fit, with elastic-elastic
(top right), elastic-inelastic (bottom left), inelastic-inelastic and Drell-Yan (green and red in
bottom right) contributions. For each process, all muon efficiency corrections are applied and
distributions are normalized to 39.7 pb−1.

LPAIR prediction (N ) and another to correct the slope of proton distribution with an
exponential factor (a in e−ap2

T ) are introduced. The third parameter (L), applied to
all templates, is the Monte-Carlo normalization to the data, and is directly equiva-
lent to the elastic signal yield relative to the LPAIR prediction for 39.7 pb−1. The
double-inelastic and Drell-YanpT (µµ) shapes are fixed from simulation, while the
small contribution from exclusiveγγ → τ+τ− is neglected (see discussions in the
systematics section).

Procedure can be schematically summarized as:

hData → fit([hEl−El + hDY + hInel−Inel] × L+

[hInel−El] × L×N × e−ap2

T )

with hX the Monte-Carlo template of thepT (µµ) distribution for processX.

The philosophy of this parameterization is to use the advantage of the extremely well
predicted yield and shape of the elastic-elastic signal to fit the correction to the abso-
lute luminosity as the global yield normalization. Indeed,previous and current mea-
surements of exclusive lepton pairs atH1 [101], CDF [102] andLHC-b [103] are in
agreement with th LPAIR predictions. The major irreduciblebackground consisting
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in the single-inelastic process, is treated separately in the fit as large uncertainties re-
main, by allowing for a separate data-driven normalizationand shape modelling.

The nominal fit procedure is done with a0.15 GeV bin width in the range[0, 3] GeV.
The resolution, purity and stability of each bin has been computed using LPAIR
Monte-Carlo signals. The absolute resolution is obtained by fitting the distribution
of (reco − gen) pT distribution with a Gaussian of null mean, and use theσ values
and their errors to build the plot in Figure 7.2. The resolution is rather constant around
70 MeV.

The purity (as a function ofreco pT , fraction of events which originate from this bin
at gen level) and stability (as a function ofgen pT , fraction of events which remain
afterreco step) plots also show constant result over the wholepT spectrum, but for the
first bin in which a bias is introduced due to the fact thatpT cannot be reconstructed
with negative value.
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Figure 7.2:Absolute resolution onpT (µµ), purity and stability vs.pT (µµ).
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The best fit to the data is shown in Figure 7.3, which shows thatthe best-fit curve is
consistent with the observedpT (µµ) distribution within the experimental errors. The
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Figure 7.3:Best fit to thepT (µµ) distribution.

use the log-likelihood method ensures that the likelihood is built assuming a Poisson
distribution in each bin, such that empty data bins in the background region are treated
correctly. The fit result on the luminosity and inelastic correction parameters gives:

slope: a = 0.042+0.200
−0.148

inelastic yield: N = 0.987+0.495
−0.346 (7.1)

luminosity: L = 0.822+0.140
−0.131

with statistical asymmetric errors computed withMinos, i.e. with other parameters
fixed to their best-fit value. The luminosity correction factor and the single-inelastic
yields in particular are highly correlated:

Parameter Global slope inelastic yield luminosity
slope 0.732 1.000 0.607 0.255
inelastic yield 0.912 0.607 1.000 -0.813
luminosity 0.866 0.255 -0.813 1.000
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The resulting 1σ and 2σ intervals projected onto each pair of fit variables are displayed
in Figure 7.4.

For any values of the inelastic yield ratio and slope correction within their 1σ contour,
the extreme values of the luminosity calibration are63% and101%. In particular, the
no-correction value for the luminosity (L = 100%) may be obtained for an integrated
single-inelastic normalisation (i.e. the effect ofN anda combined) of63% to 68%

with respect to the LPAIR prediction.

7.3 Systematic effects

Systematic uncertainties related to the pileup efficiency correction, muon trigger and
reconstruction efficiency corrections, momentum scale,LHC crossing angle and de-
scription of the backgrounds in the fit are considered.

7.3.1 Pileup correction systematics

The track-veto efficiency is studied in ZeroBias data by varying the nominal veto dis-
tance from 1.0 to 4.0 mm, and by varying the quality cuts and number of hits on
tracks considered for the veto. The same method as describedin Section 5.3 has been
used,i.e. compute the track-veto efficiency around a fake 2-tracks vertex and reweight
each efficiency by the relative instantaneous luminosity for each bunch-crossing. The
resulting changes from the nominal92.29% efficiency are shown in Table 7.1. The re-
sults are further compared to the effect of applying the samevariations to the selected
sample of dimuon events, removing theΥ mass cutm < 11.5 GeV to increase the
statistics with exclusive Upsilon photo-produced events;in both samples the relative
change in selected events is consistent.

Any efficiency dependence with the pileup conditions has been found by splitting the
whole sample into two almost equivalent parts. In the first19.03pb−1 where the pileup
efficiency correction is94.29%, 78 events have been found, in which the fit extracts an
Elastic-Elastic contribution of41.0+9.2

−8.4 events; while for the last20.95pb−1 with a PU
correction of90.18%, a total of70 events are selected, with fitted signal contribution of
29.8+8.3

−7.3 events. Both are consistent within1σ, and even more if one remembers that
the signal and background yields are highly anti-correlated such that(N,L) couple
values extend to large part of the phase space.
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Exclusivity-selection ZB data µµ data ZB ratio µµ ratio
track-distance< 1.0 mm 95.01% 270 0.971 0.981
track-distance< 2.0 mm 92.29% 265 1 1
track-distance< 3.0 mm 89.61% 259 1.030 1.023
track-distance< 4.0 mm 87.16% 254 1.059 1.043
high-purity tracks 93.14% 269 0.991 0.985
> 10 track hits 94.04% 270 0.981 0.982
high-purity with> 10 track hits 94.07% 270 0.981 0.981

Table 7.1:Selection efficiencies for different track-veto size and quality selections. Columns 3
and 4 show the relative difference from the nominal 2 mm veto, for ZeroBias data and selected
dimuon events.

7.3.2 Muon efficiencies

The statistical uncertainty on the efficiency correction for trigger and offline muon se-
lection is evaluated by performing a toy Monte-Carlo study in which each single muon
efficiency correction is varied independently within it’s statistical uncertainty derived
from the Tag-&-Probe study. Variations of both muons of the pair are then used to
recompute the overall dimuon efficiency correction. From 1000 pseudo-experiments,
the RMS of the distribution results in an uncertainty of0.80% which is used as a
systematic uncertainty.

Additional systematic effects may come from the different properties of muons in the
J/ψ or Z control sample versus theγγ → µ+µ− signal. As the Tag-&-Probe study
is only sensitive to single muon efficiency, and since the corrections applied are taken
as the product of the two muon efficiencies of the pair, therefore the effect of the
correlations between muons are not modelled. A check is performed by removing,
in theJ/ψ control sample, events in which the two muons bend towards each other
in ther − φ plane. Such events may introduce a correlation in the dimuonefficiency
that wouldn’t be present in highly-separated muons like forthe signal ones. Repeating
the luminosity extraction with this change results in a difference of0.25% from the
nominal yield.

7.3.3 Crossing angles

The non-null crossing angle of theLHC beams lead to a ”kick” of the system in thex
direction. Consequently, thepT of the pair is over-estimated by a few MeV, especially
for high-mass dimuon events. The data have been corrected for this effect by applying
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a Lorentz boost, assuming all collisions happened in thexz plane:





E

px

pz





′

=





1/cos(φ) −sin(φ) −tg(φ)sin(φ)

−tg(φ) 1 tg(φ)

0 −sin(φ) cos(φ)



×





E

px

pz





with φ the half-crossing angle in thexz plane, with a value set to100 µrad for all runs
but 170 µrad for LHC fill 1439. The fitted value of the luminosity factor changes by
0.96% relatively from nominal fit when applying the corrections.

7.3.4 Energy and momentum scale

Using studies of the muon momentum scale derived fromZ → µ+µ−, thepT of the
muons are shifted by the observed bias,∆(pT ), ∆(φ) and other kinematics are re-
evaluated; and then the nominal fit re-performed. The resulting relative change in the
luminosity fitted value is0.33%.

As a cross-check on a sample kinematically similar to the signal, we apply all selection
cuts except the veto on theΥ mass region, and perform a fit to the invariant mass
spectrum in data (Figure 6.16 and details in the text). The resulting uncertainty on the
Υ(1S) mass is 20 MeV. The nominal signal fit is then performed with the data shifted
in pT (µ) by ±0.02 GeV, and other kinematical quantities recomputed. No change in
the fitted signal yield is observed.

7.3.5 Tracking and vertexing efficiency

The vertexing efficiencies between data and Monte-Carlo agrees at a99.97%-level,
and the0.09% uncertainty on data efficiency is taken as a systematic error.

The resulting data/MC ratio for the pair of(99.18± 0.14)% is applied as a correction
to the efficiency, and the statistical error on the correction taken as a systematic error.

7.3.6 Fit stability

Different bin width and fit ranges have also been tested. Starting from the nominal
number of 20 bins in the range0−3 GeV, variations in the bin width (0.15±0.05 GeV)
and fit range ([0; 3±1] GeV) show relative deviations by at most∼ 3.5% with respect
to the nominal yield as shown on the Table next page.
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Fit parameters Variation from nominal yield
[0; 2] GeV 1.76%
[0; 4] GeV 2.63%
100 MeV width 2.69%
200 MeV width 3.65%

However, the variations in the fit range are not physically justified. Extending the
range topT (µµ) = 4 GeV, one starts to enter the region where the signal is mainly
dominated by doubly-inelastic photon exchanges, and therefore theN anda param-
eters are fitted to model both single-inelastic and double-inelastic processes. On the
contrary, restricting the range topT (µµ) = 2 GeV only, the side-band used for the
single-inelastic yield and shape modelling is limited to reduced statistics.

For smaller bin width, the problem appears that thepT (µµ) absolute resolution (70 MeV)
becomes as large as the bin width. Therefore, the computed values of stability and
purity are lowered by∼ 10% with respect to the150 MeV binning. For larger bin-
ning, the number of degrees of freedom becomes limited, suchthat the majority of
the elastic-elastic signal is concentrated in the first bin.The fit owns only roughly one
bin to discriminate the global yield normalization. Any systematic errors due to the
binning or range is therefore considered.

The fit bias is studied by performing a series of toy Monte-Carlo experiments with
different input values of the luminosityL and inelastic yieldN . For each benchmark
point, the number of pseudo-data is generated with a Poissondistribution with mean
as expected by the Monte-Carlo simulation. The mean and 1−σ values of the pull
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Figure 7.5:Sanity check of the fit stability with the pull of the fitted value of the luminosity
for 1038 toy experiments. Results are compatible with a Gaussian of null mean andσ = 1.
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distributions are consistent with zero and unity values respectively, as shown in Fig-
ure 7.5 for 1038 experiments with fixedL = 90% andN = 110% for the simulation.

As a cross-check of the template shape, the shape of thepT (µ+µ−) distribution in data
is compared to the LPAIR Monte-Carlo sample in the background-dominated regions
|∆φ(µµ)/π| < 0.9 and|∆pT (µµ)| > 1.0 GeV. No source of strong disagreement is
visible with limited statistics available.
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Figure 7.6:pT (µµ) distribution in data (points) and simulation (histograms) for the sideband
region in1 − |∆φ(µµ)|/π and|∆pT (µµ)|.

Finally, as another verification, a fit to the1 − |∆φ/π| distribution is performed with
the luminosity correction and inelastic ratio to LPAIR as free parameters. The shape
of the single-inelastic photon-exchange process is fixed from the simulation, without
reweighting of the slope with thea parameter as previously done. The resulting value
of the signal ratio for the best fit value of the luminosity gives0.79+0.14

−0.13(stat.) which
is consistent with the nominal result.

7.3.7 Backgrounds

Collision backgrounds

The yields of the double-inelastic and Drell-Yan contributions are fixed in the nomi-
nal fit. The fit is repeated with each of these varied independently by a factor2. The
resulting change in the fitted signal yield is< 1% (Table 7.3).
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Other exclusive backgrounds

Another exclusive process not taken into account in the previous lines is the exclusive
production of tau pairspp(γγ) → pτ+τ−p, with fully leptonic decay of the taus in
muons. From a Monte-Carlo sample of exclusiveτ pairs simulated with LPAIR, the
contamination after all selection and cuts applied is only0.0015 pb, as shown in Ta-
ble 7.2.

Another source of exclusive-like dimuon is the single-diffractive and double diffrac-
tive production of lepton pairs, through pomeron exchange(s). Although the pro-
duction of the muon pair is usually accompanied by extra tracks produced from the
pomeron remnant, they may still fake an exclusive state as these tracks are usually
produced at low-pT . The contamination from single pomeron exchange (SPE) and
double pomeron exchange (DPE) has therefore been checked with the help of the
Pomwig Monte-Carlo generator [104]. Schematic Feynman diagrams for the DPE
and SPE production of muon pairs are drawn in Figure 7.7.

p

p p

µ
−

µ
+

p

µ
−

p p

µ
+

p

Figure 7.7: Feynman diagrams for Single Pomeron Exchange (left) and Double Pomeron
Exchange processes withµ+µ− final state. The emission of a pomeron is always accompanied
by theP remnant.

For the DPE process, the visible cross-section when multiplied by the assumed5%

survival probability is only 1.42 pb, for10 < mµµ < 120 GeV. The generated events
were passed to the same reconstruction and analysis procedure than the LPAIR sig-
nal, and cumulative result of the selection steps are shown in Table 7.2. A very low
contamination, of the order of half-an-event, is expected in the 2010 data. The major
reduction of the background is done when applying exclusivity conditions, since DPE
production of Drell-Yan is accompanied with two pomeron remnants produced close
the primary vertex. The only source of veto-inefficiency arises when thepT spectrum
of the remnant content is not large enough to produce detectable tracks.
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Figure 7.8: Multiplicity of extra tracks associated to dimuon vertex, with all other selections
applied. The data is shown compared to the expected contributions from Drell-Yan (Z2 tune,
solid histogram), dimuon-enriched QCD (light histogram) and SPE, DPE processes (yellow)
zoomed on the region nearNtracks = 0.

The effect is even stronger for SPE processes as vertexing and tracking exclusivity
conditions only retains∼ 2% of the events. This is due to the fact that only one side
is diffractive with surviving proton, while on the other side the usual proton remnant
hadronisation takes place. With all selection criteria applied, the expected number of
SPE events from Pomwig is around0.75. Although it remains a large uncertainty on

Selection γγ → τ+τ− SPEµ+µ− DPE µ+µ−

Trigger 6.12 335.01 15.79
Vertex + Track-exclusivity 0.48 6.08 1.23
Muon ID 0.42 6.00 1.00
pT > 4 GeV, |η| < 2.1 0.24 4.47 0.82
m(µµ) > 11.5 GeV 0.16 3.64 0.57
3D-angle< 0.95π 0.16 3.55 0.55
1 − |∆φ/π| < 0.1 0.16 2.11 0.50
|∆pT | < 1.0 GeV 0.05 0.74 0.42

Table 7.2:Number of reducible background events expected from simulation for an integrated
luminosity of 39.7 pb−1 at each selection step, with the82.2% correction to the luminosity
included. For entries in the line “Muon ID” and below, all efficiency corrections are applied to
the simulation. A survival factor value of5% was assumed for both SPE and DPE processes.
Diffractive processes have been generated withm > 10 GeV such that numbers prior to mass
cut have therefore to be understood as partial numbers.

the survival probability, even a10% factor applied to both DPE and SPE would result
in only 2.5 events contaminating our sample.
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It is also worth to mention that the nominal inclusive Drell-Yan sample, which was
generated with Pythia Tune Z2 settings, was done withPDFs which already include
a diffractive part. However, the present version of Pythia does not simulate correctly
hard diffraction, in the sense that it does not produce enough rapidity gaps in the
Monte-Carlo with respect to what is observed in the data. On the contrary, if one
considers only the hard scatter, it should be correctly simulated with the same set of
Tune Z2 parameters, as they were meant to reproduce the trackmultiplicity and thepT

spectrum observed at
√
s = 7 TeV with theCMS detector. Some ”double counting” of

the Monte-Carlo estimation is therefore happening when Pythia inclusive (which cor-
rectly models the hard scatter final states) and the Pomwig diffractive (which correctly
models the forward gaps) productions are added together.

Non-collision backgrounds

The possibility of a large contamination from cosmic muons,which may fake a signal
since they will not be correlated with other tracks in the event, is studied comparing
the vertex position and three-dimensional opening angle indata and collisions simu-
lation. In Figure 7.9, the three-dimensional opening angle1 is compared between data
and simulation for events passing and failing the nominal0.05 < |dXY | < 0.15 cm
requirement for the transverse vertex position. A total of 3events fail the vertex posi-
tion selection, all having large opening angles consistentwith the expected signature
of a cosmic muon. In Figure 7.10, the transverse andZ vertex positions are compared
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Figure 7.9:Left: tail of the three-dimensional dimuon opening angle in data and simulation.
Right: three-dimensional opening angle for events failing the nominal vertex transverse position
selection.

in data and simulation for all events having a three-dimensional opening angle greater
than0.95π. We conclude that no systematic error needs to be assigned tothe 3D-

1The 3D-opening angle is defined as the arcsine of the scalar product of the muon momentum vectors
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Figure 7.10:Left: Dimuon vertex transverse position for all events with three-dimensional
opening angle> 0.95π. Right: Dimuon vertexZ position for all events with three-dimensional
opening angle> 0.95π.

opening angle cut.

As a similar check for contamination from halo muons is performed by applying the
nominal analysis selection to events triggered with theBPTX OR. Within the limited
statistics, zero event pass all the analysis selections.
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7.3.8 Fit systematics

The overall systematic uncertainty is evaluated by performing the fit with each vari-
ation applied individually. The relative difference with respect to the nominal fit is
taken as a systematic.

Selection Variation from nominal yield

track-distance< 1.0 mm 2.12%
track-distance< 3.0 mm 3.79%
high-purity tracks 0.10%
> 10 track hits 1.35%
high-purity with> 10 track hits 1.36%
Drell-Yan× 2 0.39%
Drell-Yan/2 0.16%
double inelastic×2 0.99%
double inelastic/2 0.13%
Momentum scale 0.33%
Crossing-angle 0.96%
Tracking efficiency 0.14%
Vertexing efficiency 0.09%
Cow-boys veto 0.25%
Muon eff. variation 0.82%

Table 7.3:Variation in fitted signal yield.

For each variation, the largest relative difference with the nominal fit is taken as a
systematic error. Summing quadratically all these contributions gives4.375%.



7.4. Results and prospects 147

7.4 Results and prospects

In officially recorded39.7 pb−1 by theCMS detector in 2010, the measured ratioR
of thepp→ pµ+µ−p yield to the LPAIR prediction in the kinematic regionpT (µ) >

4 GeV, |η| < 2.1 is

R = 0.822+0.140
−0.131(stat.) ± 0.036(syst.) ± 0.040(lumi.) (7.2)

taking the uncertainty on the delivered luminosity apart. Turning this result into a
luminosity measurement would give:

∫

L dt = 32.62 +5.56
−5.20(stat.) ± 1.43(syst.) pb (7.3)

Because of the strong correlation of the statistical error with the uncertainty on the in-
elastic yieldN , the value for the absolute luminosity is measured to be between63%

and101% for the 1σ contour ofN . In particular, the highest value is obtained for a
inelastic yield ratio with LPAIR prediction of∼ 60%.
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Figure 7.11:Evolution of the statistical error on the luminosity correction fitted value with
respect to the true luminosity.

Assuming the same fitting procedure, the evolution of the statistical error on the lu-
minosity correction value has been derived from fit results on pseudo-data built with
known true luminosity. Obviously, identical performancesfor triggering, tracking and
pileup rejection than obtained in 2010 have been assumed. The result is shown in
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Figure 7.11 for integrated luminosity up to 1 fb−1, where the method seems to reach
a minimum of∼ 3% precision on the statistical uncertainty.

However, with higher statistics than available in 2010 runs, different methods of signal
extraction can be though as multi-dimensional fit (∆φ, ∆pT , pT (µµ)), or a reweight-
ing of the inelastic background with the mass of the proton remnant.

Systematic uncertainties are also assumed to shrink with accumulated integrated lu-
minosity, as most of them (tracking, vertexing, energy scale, . . . ) are derived from
the data directly. Similarly the largest uncertainty, which is coming from track-quality
and veto-size variations, could be better controlled by applying dynamic cut based on
the event-by-event position resolution andχ2 of the vertex and tracks.
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Chapter 8

Two-photon exclusive
production of supersymmetric
pairs

“Supersymmetry is a concrete sound bridging the gap
between silence and noise that can only be picked up
under immense concentration”

Critics of album ’Supersymmetry’ from band ’Underwater Getdow’

Two-photon production of charged supersymmetric pairs hasa clean and unique sig-
nature of 2 forward scattered protons, 2 opposite sign leptons and large missing en-
ergy (8.1). Consequently, search for supersymmetry through two-photon channels
has the advantage to propose a simpler event topology and cleaner final states than
other SUSY searches inpp collisions at theLHC which have to deal with complex
cascade decay chains containing several types of unknown particles. This vantage has
already been pointed out by Ohnemus, Walsh and Zerwas in1993 in [22], where they
first proposed to search for non-strongly interacting SUSY particles inγγ collisions.
However, authors did not discuss the experimental aspects linked to the detection of
such events.

An exploratory study has therefore been performed at the generator level, with realistic
acceptance cuts applied for the central and forward detections. It aimed to determine if
these processes could be visible and to quantify the benefitsassociated to the detection
of the forward protons inHPS.

153
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For low-mass SUSY scenarios, significant cross-sections are expected and background
processes are well controlled. Measurements of the forwardproton energies would
allow for a precise mass reconstruction of the lightest SUSYparticle and right-handed
sleptons (8.3.1, 8.3.2, 8.4) with a few GeV resolution. Methods to reduce backgrounds
at high luminosity resulting from accidental coincidencesbetween central and forward
detectors are discussed in 8.5.

8.1 Two-photon production of SUSY pairs

The two-photon production of pairs of charged massive particles offers an interest-
ing potential for the search of ’beyond the Standard Model’ (BSM) particles. The
production cross-section for charged pairs is displayed inFigure 2.7 as a function of
the particle mass for different spin states. The photon fluxes parameterization with
the Equivalent Photon Approximation, as discussed in Section 2.2, can be success-
fully used for the physics cases developed below, and therefore the rate of produced
particles at theLHC can be well predicted. For instance, the cross-section for the
(elastic-elastic) production of scalars, fermions and vector pairs of100 GeV is0.7 fb,
4.1 fb and52.0 fb respectively for

√
s = 14 TeV. The survival probability, which is

assumed to be large for two-photon interactions as argued inSection 2.2, is taken to
be100% for the next studies.

Supersymmetry, as it predicts new scalar and fermionic particles above the elec-
troweak scale, is therefore an excellent candidate for novel and complementary searches
in γγ interactions at theLHC. Because of the relative low cross-sections for these
processes, it requests large integrated luminosity to obtain a significant amount of
statistics. With theLHC nominal plans, that also means that this analysis has to be per-
formed at the design luminosity, when the mean number of pileup events per bunch-
crossing becomes of significant concern. However, tanks to striking experimental
signatures, backgrounds are expected to be quite low and well under control.

The relevant Feynman diagrams for the two-photon production of slepton and chargino
pairs are shown in Figure 8.1. In order to ensure the cleanestevent signature, only the
fully leptonic final states are considered in the following.With the techniques of se-
lection for exclusive events developed in Chapter 5 for dileptons and the successful
application to theγγ → µ+µ− process in Chapter 6, we ensure that the exclusive
dilepton final states are selected with high-efficiency.

As it is shown in the same Figure, supersymmetric final statesare also characterized
by the presence of large missing energy, which is carried outby the neutrinos and
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Figure 8.1: Relevant Feynman diagrams for the two-photon production of slepton pairs (left)
and charginos pairs (right), with 2 leptons final state.

neutralinos which escape the detector without being detected. Of course, eventhough
SUSY is taken as main framework to perform the analysis, similar final states can
also obtained in others BSM theories as in two-higgs doubletmodels, or with heavy
stable charge particles, . . . Therefore, the supersymmetric choice has to be understood
as an academic case to display the power of the method, which can be extended to any
’new physics’ signal sharing similar characteristics. In order to have a framework of
realistic physics case, the study has been performed for a specific benchmark point,
usually referred as the LM1 point in the literature.

The MSSM parameters, together with the associated production cross-sections, are
detailed in Appendix C. The relevant contribution to the exclusive dilepton signal
comes from the two-photon production of right-handed slepton pairs, for a total of
0.8 fb, which is 140 times smaller than SMγγ → W+W− process. The simulation
of the exclusive states has been performed using the calcHEPMonte-Carlo generator,
and then passed to Pythia where the decay and hadronisation steps were performed.

8.2 Detection of exclusive SUSY pairs

The requested final state, that is applied in for this LM1 study but could be generalized
to any low-mass SUSY scenarios with low-tg(β), involves

• 2 leptons of opposite charge withinCMS acceptance,

• 2 forward scattered protons hits inHPS,

• missing energy
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The only irreducible background process for this event topology is the exclusive two-
photon production of pairs ofW bosons. The cross-section for two-photon production
of W+W− with fully leptonic decay reaches almost7 fb.

The direct lepton pairs two-photon productionpp(γγ) → pℓ+ℓ−p (with ℓ = e, µ, τ )
can be easily suppressed by requiring large acoplanarity and/or large missing energy.
For the final figures as well as in Table 8.1, the reverse of cutsused in the exclusive
dimuon selection have been applied:

|(φ(ℓ+) − φ(ℓ−))/π| < 0.9, |pT (ℓ+) − pT (ℓ−)| > 1.5 GeV (8.1)

Assuming aLHC multi-purpose detector likeCMS, the following cuts have been ap-
plied on the leptons in order to simulate the acceptance region of the central detector:

pT (e±) > 10 GeV, pT (µ±) > 7 GeV, |η(ℓ±)| < 2.5, (8.2)

which are expected threshold for lepton pair triggering at high luminosity. The lepton
energy and momentum scales are supposed to be precisely known at that point, such
that nullpT resolution will be assumed in the next.

Protons have been transported through the beamline using the HECTORsoftware with
same beam optics and same station locations and distances-to-beam (2.5 mm for HPS-
240,4 mm forHPS-420) than for the results of Section 4.3. The efficiency of detecting
both forward protons (among those with detected central activity) is then around74%,
so almost the whole relevant photon spectrum is probed.

The expected rates of events within100 fb−1, with 2 detected leptons with/without
doubly-tagged requirement are indicated in Table 8.1 for the signal andW+W− back-
ground. Because the branching ratioBR(ℓ̃+ → ℓ+ + χ̃0

1) ≃ 100%, selectron and
smuon pairs are the major expected contribution in the analysis of dileptonic final
states. In addition, almost65% of right sleptons and75% of left ones fall within the
acceptance window. On the contrary, pairs of charginos haveother significant decay
modes (including hadronic decays) therefore only7% of the produced chargino pairs
will be detected. Staus, since they decay into tau leptons, will produce mostly two
τ -jet final states, hence only1 and6% of the τ̃1 and thẽτ2 pairs pass acceptance cuts,
respectively. Finally, no relevant signal of the charged Higgs boson pairs can be seen,
sinceH+ → b̄t is the dominant decay mode.

The signal to noise ratio, although it already reaches a value close to1/5 after lepton
acceptance, can be improved considering only same flavor dileptonic events. Indeed,
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because the signal is dominated byℓ̃R and ℓ̃L pair decays, around90% of the LM1
events is composed ofe+e− andµ+µ− leptons. At the same time the backgroundW
pairs are suppressed by a factor2 by selecting same flavor leptons.

Similarly, as the LM1 benchmark point doesn’t stand in the high tg(β) region where
couplings to (s)taus are enhanced, one can reject events with leptons fromτ decays on
a displaced vertex veto. A conservative value of1 mm transverse displacement with
respect to the beamline has been assumed such that, at the generator level,66% of the
leptons from tau decays are flagged as displaced.

The lepton transverse momentum spectrum of events with central plus forward detec-
tions is also shown on Figure 8.2 for the events passing the lepton acceptance cut, the
same flavor requirement and theτ -veto. One can notice that the lepton energies are
significantly larger than the ones involved in thepp(γγ) → pµ+µ−p analysis, with a
maximum around15 GeV. That also shows that, even for low-mass SUSY scenario, a
stronger cut on thepT would not affect the triggering efficiency dramatically.
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Figure 8.2: Transverse momentum spectrum for the signal (stack histogram) and the back-
ground separately, assuming an integrated luminosity of100 fb−1. Events passing the lepton
acceptance and with doubly-HPS tag are considered.
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8.3 Very forward detector information

In contrast to the nominalpp studies which can only use kinematical quantities mea-
sured with the central tracker, calorimeters and the muon system, the main experi-
mental advantage of the two-photon processes relies on the detection inHPS of the
two forward scattered protons. Indeed, beyond simply tagging exclusive interactions
by looking at coincident signals on both sides of theIP in HPS, measurement of the
proton energy in the forward detector –and hence the reconstruction of the proton en-
ergy lost and the photon energies– is an unique and precise tool to derive the initial
conditions of the event. In nominalpp interactions, as the proton remnant is emitted at
small angle and hence undetectable, the intial energy and momentum of the incoming
partons remain unknown.

For tagged protons, the photon energy reconstruction is assumed to be performed with
a resolution of

σ(Eγ) = max(Eγ/100, 1.5 GeV) (8.3)

for all protons, following the results obtained in [81].

8.3.1 Two-photon invariant mass reconstruction

The first obvious useful quantity reconstructed from the twophotons energy to dis-
criminate between the signal and background is the two-photon ’initial conditions’ of
the event:

Wγγ = 2
√

Eγ1
Eγ2

(8.4)

whereEγ1
, Eγ2

are the reconstructed energies of two colliding photons. Expected
distribution is shown in Figure 8.3 for L=100 fb−1. One can see two significant peaks
due to the production thresholds of right slepton (around 250 GeV) and of left slep-
tons (around 400 GeV) for the LM1 case. In this way, the slepton mass spectrum can
be probed by measuring the threshold energy for each peak, which is approximately
equal to the sum of masses of the two produced sparticles. It should be stressed that
the mass determination in this method depends only on theHPS energy resolution,
and not on the resolutions of the central detectors. Actual precision ofℓ̃±R andℓ̃±L mass
determination is then mostly driven by available statistics.

Moreover, this quantity can also be used to suppress the background since theWγγ

shape distribution forW pairs is well known and starts at about2mW . The choice of
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Figure 8.3:Two-photon invariant mass reconstruction for100 fb−1.

the analysis cutWmin
γγ could be then changed along theLHC running period according

to the SUSY mass constraints coming from nominalpp studies.

8.3.2 Missing mass reconstruction

Informations from both central and forward detectors can also be combined to extract
the mass of the LSP. Indeed, the missing energy carried away by the neutrinos and the
neutralinos can be estimated as

Emiss = Eγ1
+ Eγ2

− El1 − El2 (8.5)

whereEl1, El2 are the measured leptons energies. A conservative correction is made
to account for thebremsstrahlungin electronic decays. It is assumed that the soft
bremsstrahlung photons,pT (γ) < 10 GeV, are not detected. This results in the biased
Emiss in a small fraction of events, but otherwise leptons are verywell reconstructed
in the central detectors. Therefore, as it is assumed that the energy and momentum
of the leptons are known exactly, the resolution of the reconstructed kinematical vari-
ables is dominated by the photon energy resolutions inHPS.

The missing invariant mass distribution can then be defined as

Wmiss =
√

E2
miss − P 2

miss (8.6)
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wherePmiss is the event missing momentum and is calculated in analogy toEmiss.
Missing mass is on average larger for the SUSY event sample since a supersymmetric
event will always produce at least two massive LSPs. This canbe seen in figure 8.4
where the expected distributions ofWmiss for 100 fb−1 is shown.
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Figure 8.4:Two-photon missing mass reconstructed with100 fb−1.

SUSY distribution is peaked slightly above200 GeV, which is twice the mass of the
lightest neutralino in this model, while it starts at zero for the SM contribution. This
quantity allows for measuring the LSP mass with a high resolution by performing a
mass edge study. It also provides a powerful tool to suppresstheW+W− background
by requiring aWmin

miss cut.

8.3.3 Significance

Applying the following analysis cuts driven by the prior studies:

• acceptance cuts (8.2),

• same flavor lepton selection,

• τ -flagged rejection,

• Wγγ > 235 GeV andWmiss > 195 GeV,

• lepton pairs acoplanarity and unbalancedpT (8.1),
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one reaches aS/B ratio close to1.5. The various contributions for the signal are given
in Table 8.1 for the integrated luminosity L = 100 fb−1, andS ≃ 36 andB ≃ 25

events.

Process ℓ+ℓ− pp Wmiss ∆φ/π

selection selection &Wγγ & ∆pT

pp(γγ) → pµ̃+
Rµ̃

−
Rp 28.40 21.79 21.51 15.81

pp(γγ) → pẽ+Rẽ
−
Rp 23.78 18.21 17.98 12.81

pp(γγ) → pµ̃+
L µ̃

−
Lp 6.76 4.14 4.12 3.31

pp(γγ) → pẽ+L ẽ
−
Lp 6.51 4.10 4.07 3.35

pp(γγ) → pτ̃+
1 τ̃

−
1 p 0.06 0.04 0.04 0.02

pp(γγ) → pτ̃+
2 τ̃

−
2 p 0.06 0.04 0.04 0.03

pp(γγ) → pχ̃+
1 χ̃

−
1 p 1.86 1.08 1.08 0.67

pp(γγ) → pχ̃+
2 χ̃

−
2 p 0.42 0.09 0.09 0.08

pp(γγ) → pW+W−p 168.41 137.00 31.16 24.53

Table 8.1:Expected number of events forL = 100 fb−1 after each selection step. Details on
the cuts are in the text.

The 5σ discovery for the LM1 left and right sleptons is then reachedalready after
45 fb−1 thanks to strong suppression of the irreducible background. It could still get
better by using additional model-dependent cuts exploring∆η and∆R angles as it is
done in [8], where the5σ is reached only after 25 fb−1.

Finally, it could be improved even further by including the inelastic two-photon pro-
duction, in this case however only one proton is detected andthe kinematical recon-
struction is not so effective. For the same benchmark point,the nominal proton-proton
studies claim5σ discovery after about 10 fb−1 [106]. However, determination of spar-
ticle masses in this case is much more complicated. Althoughthis benchmark point
has already been excluded by the firstLHC data, the method remains valid for higher
masses.
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8.4 SUSY mass reconstruction

The main advantage of the two-photon analysis is large sensitivity to sparticle masses.
However, the mass determination ofℓ̃±R, ℓ̃±L and χ̃0

1 using the production threshold
values inWγγ andWmiss distributions is limited by the number of selected events.
Another approach, based on other kinematic quantities, canprovide a method to mea-
sure mass of the sleptons rather on an event-by-event basis.

The two-dimensional plots in Figure 8.5 represent event distributions on theWγγ ,
Wmiss plane for the MSSM processes and for theW+W− background, after accep-
tance cuts. One can observe that for the signal events these two variables are strongly
correlated, and much less for the background. Moreover, it can be shown that the
width of the distribution is related to the mass of the produced sparticles. This demon-
strates a close relationship between the MSSM masses, theγγ invariant mass and the
missing mass. An empirical quantity has been built in order to take into account this
observation:

(2mreco)
2 = W 2

γγ − ([W 2
miss − 4m2

χ̃0

1

]1/2 + [W 2
lep − 4m2

lep]
1/2)2 (8.7)

whereWlep is the invariant mass of the two lepton system, andmlep is the lepton mass,
and2mreco is the reconstructed mass of the produced sparticles. It canbe understood
as the total available energy of the interaction on which we subtract the missing en-
ergy and the leptons energy, both corrected with mass of the produced states. That
relation does not work well for̃τ andχ̃ pairs because in general they decay into final
states with more neutrinos and neutralinos. The only neededinput in this method is
the value of the LSP mass, which can be derived from theWmiss distribution.

The reconstruction power of this empirical quantity is illustrated in Figure 8.6 for the
integrated luminosity L = 100 fb−1. A narrow peak centered at2mreco = 236 GeV
= 2 × 118 GeV, allows for efficient and direct determination of theẽ±R andµ̃±

R mass.
A second peak, centered at2mreco = 370 GeV = 2× 187 GeV, with larger width,
corresponds tõe±L andµ̃±

L pairs but is not so well visible. Right selectron and smuon
mass might be determined using this empirical method with a few GeV resolution.

8.5 Pileup effect

At the instantaneous luminosities at which this analysis has to be performed, the large
number of extra overlap events leads to high probability to get accidental coincidence
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Figure 8.5:Scatter plots for the LM1 signal and theWW background on theWmiss, Wγγ
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R events (orange) andW+W− events (red). Lower:̃µ+

L µ̃−

L events (green)
andW+W− events (red).

background when a dileptonic event detected in the centralCMS sub-detectors and the
two forward scattered protons inHPS don’t come from the same interaction. From
detailed studies in Section 4.4, the associated probability to have 2 accidental proton
hits in HPSper beam crossing is at the level of1.32% and24.59% for ’low’ and ’high’
luminosity respectively, if one sums contribution from [p][X][p] and [pp][X] in equa-
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Figure 8.6:Reconstructed2 mreco variable for the LM1 benchmark point andL = 100 fb−1.

tions 4.8 and 4.9.

The considered inclusive processes with dileptonic final states, likely to mimic an
exclusive SUSY signature ifHPShits match, are the inclusive boson pairs production
pp → W+W− → ℓ+ℓ−νs, pp → ZZ → ℓ+ℓ− + jets and the inclusive Drell-Yan
pp→ Z/γ∗ → ℓ+ℓ− processes, for which production cross-sections reach7.4 103 fb,
1.1 104 fb and1.3 107 fb respectively. The expected number of dileptonic events after
applying the same lepton selection than for SUSY search (opposite sign, same flavor,
τ -veto and withinpT , η acceptance) is shown in first column of Table 8.2 and has to
be compared with values from Table 8.1 for the SUSY signal.

As the dominant component of inclusive dilepton is coming from Drell-Yan processes,
analysis selection with pileup includes cuts onpmiss

T and onWlep, both built from the
leptons kinematics information in order to reduce the ’γ∗ part’ and the ’Z part’ of the
spectrum respectively. The considered cuts for Drell-Yan veto in the next will be set
as

Pmiss
T > 10 GeV; Wlep 6∈ [87 GeV; 95 GeV] (8.8)

which will remove approximately60% of the remaining Drell-Yan events while keep-
ing 93% of the SUSY signal.
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Process ℓ+ℓ− track pp Wmiss ∆φ/π Drell-Yan

selection exclusivity selection &Wγγ & ∆pT veto
pp→ Z/γ∗ (low PU) 208M 43k 531.95 201.85 55.39 21.38

(high PU) 10.6k 4035.40 1107.43 427.52

pp→ ZZ (low PU) 87k 25.62 0.32 0.08 0.06 0.02
(high PU) 6.30 1.69 1.19 0.48

pp→W+W− (low PU) 100k 40.47 0.50 0.15 0.11 0.11
(high PU) 9.95 2.97 2.29 2.16

Table 8.2:Expected number of events forL = 100 fb−1 after each selection step. Details on the cuts are in the text.



166 Chapter 8. Two-photon exclusive production of supersymmetric pairs

This accidental coincidence background can be reduced at higher level trigger stage
using kinematic constraints as consistency between the central and the forward sys-
tems in rapidity and mass. It can be further reduced using thefact that in general the
number of tracks associated to the dilepton vertex is much smaller in exclusive events
than in generic collisions, and used similar methods for selecting exclusive processes
as the ones developed in Section 5.3. The performances of thetwo-tracks vertexing
and the extra -track veto has proved to work in pileup conditions through the measure-
ment of thepp(γγ) → pµ+µ−p process.
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Figure 8.7:Background selection efficiency or ’no extra track withpT > pT ’ cut condition

For illustration, track-based exclusivity conditions inefficiency is shown in Figure 8.7
as a function of the minimumpT value for track reconstruction. The high performance
of the central tracking detector to reconstruct tracks evenat lowpT has been proved in
Figure 5.9. One can notice that additional tracks within the2 mm veto size around the
exclusive vertex are reconstructed down to∼ 100 MeV. To keep a conservative value
of a 100% track reconstruction efficiency, we request no extra track to theℓ+ℓ− ver-
tex withpT > 0.5 GeV. No veto-size is applied as, at generator-level, all theparticles
arise from the same point. WithpT > 0.5 GeV, the extra track veto method provides a
reduction factor around2500 for inclusiveWW , 3000 for inclusiveZZ and4500 for
Drell-Yan production. However, it has to be emphasized thatthese reduction factor
are strongly dependent on the Multiple Parton Interaction model used, and then have
large uncertainty of factor2.

The effect of the accidental coincidence background with track-based exclusivity con-
ditions only is shown in top row of Figure 8.8 for low and high luminosities. For the
lower one, the inclusive background remains on an acceptable level, so that̃e±R andµ̃±

R
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masses could still be reconstructed with a few GeV resolution(top left). However, in
case of high luminosity, the probability to have a central dileptonic event accidentally
associated toHPShits is so large that peak signal from exclusive supersymmetric pairs
is hidden (top right).
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Figure 8.8: Reconstructed2 mreco variable for different pileup environment. Left: =
2 1033cm−2s−1, Right: = 1034cm−2s−1. Top: track-based exclusivity conditions, Bottom:
track-based exclusivity conditions plus forward-central vertices matching requirement.

For such harsh environment conditions, precise time-of-flight detectors with few pico-
second resolution have to be installed in association to theproton detector aiming to
measure the relative time of arrival of protons at each stationstL andtR. With thez-
by-timing method, the vertex position of an hypothetic events with triple coincidence
can be reconstructed as

zpp =
1

2
(tL − tR) × c (8.9)

and should match with the central vertex reconstructed within CMS for a real exclusive
event. On the contrary, for overlap background events, the position measurements of
forward and central vertices disagree for a large majority of them (see Section 4.4).
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Such high background suppression is only possible if protontime of arrival measure-
ment is performed with very-fast detector. Indeed, from a timing resolution of 10 ps
on single proton measurement, thepp vertex position is reconstructed with a2 mm
uncertainty. So fast detector is already available, as the current prototypes ofGASTOF

showed a resolution of 10 ps during test beam.

Thus, assuming a timing resolution of10 ps, and a vertex window size of1.5σpp ≃
3 mm, the corresponding matching efficiencies from Table 4.2 have been applied to the
signal and the inclusive overlap background, and expected distributions are displayed
on bottom row of Figure 8.8. The large overlap background suppression from vertices
matching requirement is very powerful to get the SUSY signalwell visible in the
spectrum.

8.6 Summary and prospects

The present study, although it was restricted to a specific benchmark point, can be
generalized to any other point of the MSSM plane or to any search of BSM charged
particles. The only limitation to the method is the amount ofstatistics which will be
collected at theLHC, otherwise it can be used for any considered BSM spectrum. Asan
example, three other benchmark points with different topology are briefly considered:

LM3-like benchmark

For this point and in the region aroundm0 = 330 GeV, m1/2 = 240 GeV, the
exclusive supersymmetric signal is supposed to be dominated by the production of
charginos (σ(pp(γγ) → pχ̃+

1 χ̃
−
1 p) ≃ 0.649 fb), decaying with the same branch-

ing ratios than theW+ (B.R.(χ̃+
1 → ℓ+χ̃0

1) = 31.5%). Therefore, SUSY searches
with fully leptonic final states with same and different lepton flavor final states can be
performed. In addition, the selection with different flavorwould highly suppress the
inclusive Drell-Yan background which will survive only throughγ/Z → τ+τ−.

LM2-like benchmark

Within all the MSSM region aroundm0 = 185 GeV,m1/2 = 350 GeV, the exclusive
SUSY signal would also be composed ofχ̃+

1 χ̃
−
1 (σ =0.144 fb). However, as the point

LM2 stands in a high-tg(β) regime (tg(β) = 35), the production of̃τ+
1 τ̃

−
1 (0.166 fb)

is contributing for roughly the same amount. Furthermore, the high-tg(β) value en-
hances the couplings to tau and stau such that the phenomenology of the final states
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is modified asB.R.(χ̃+
1 → τ̃+

1 ντ ) = 95% andB.R.(τ̃+
1 → τ+χ̃0

1) = 100%. Al-
though dileptonic final states have been considered previously as to have the cleanest
final state possible, one can also perform similar research for semi-leptonic or fully
hadronic final states in the central detector. However, the exclusivity conditions are
much difficult to establish. That would demand an extremely high accuracy to deter-
mine which tracks originating from the neighborhood of the vertex belongs to the jet,
and which are due to proton remnants hadronisation or multiple parton interactions. . .
with everything enveloped in high-pileup environment!

Sweet-Spot

In addition, in some non-common SUSY theories, the LSP is notχ̃0
1 as in MSSM but

rather the gravitino. One interesting framework in which that occurs is theSweet Spot
SUSY[107], where the next-to-LSP is predicted to be the lightesttau τ̃+

1 , with low
mass around116 GeV. It would be quasi-stable, with a decay time ofO(3000s). Pro-
duction ofτ̃±1 pairs in photon-photon interactions will then be detected by observing
very exclusive final states – two heavy and stable, opposite charge particles produced
centrally plus two forward scattered protons. Using the phenomenological spectrum
of [107], one finds the cross section for the two-photonτ̃+

1 production of about0.43 fb.
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Figure 8.9: Photon-photon invariant mass distribution after the integrated luminosity
L = 100 fb−1for pp(γγ) → τ̃+

1 τ̃−

1 )pp with pT (τ̃±

1 ) > 10 GeV requirement.

A usual method inpp studies to detect such heavy lepton like pairs relies on the use of
thedE/dx variable, or time of flight measurements, and results in a poor reconstruc-
tion using calorimeters and muon chambers [108]. On the contrary, in the two-photon
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analysis, almost all the kinematic information is available, again thanks to the detec-
tion of the forward scattered protons. For example, the two-photon invariant mass
Wγγ as shown in figure 8.9 for the integrated luminosity L = 100 fb−1, assuming de-
tection if both staus withpT (τ̃±1 ) > 10 GeV, and of two forward protons in the full
HPSsetup. The stau mass can then be directly measured by comparing the two-photon
invariant mass with the stau momenta. Such a event-by-eventmass measurement has
a very good resolution, of about 5 GeV. Finally, the stau spincould be determined by
analyzing the stau angular distributions in their center-of-mass reference system.

Forward trigger

Another possible constraint for the nominal search with fully leptonic final state is the
limited bandwidth for triggering low-pT lepton pairs. AtL = 1034 cm−2 s−1, most
of theL1 bits will be probably used for BSM search inpp interactions, by requested
high-pT jet and large missing energy signatures. Exclusive selection of leptons could
therefore suffers from this limitation. However, two arguments may improve the situa-
tion. On the first hand, as it is shown in Figure 8.2, even low-mass SUSY scenarios are
leading to relatively high lepton transverse momentum, such that one could imagine
to trigger only lepton pairs withpT > 20 GeV without loosing all the signal.

 [GeV]
T

p
0 10 20 30 40 50 60 70 80

0

0.2

0.4

0.6

0.8

1

HLT_DoubleMu3

HLT_DoubleMu3 + double-HPS tag

 [GeV]
T

p
10 20 30 40 50 60 70 80

0

0.2

0.4

0.6

0.8

1

HLT_DoubleEl10

HLT_DoubleEl10 + double-HPS tag

Figure 8.10:Triggering performance fromHLT DoubleMu3 andHLT DoubleEle10 com-
puted with OpenHLT with/without double tag requirement as a function of the most energetic
lepton of the pair.

On the second hand, with the future increase of theL1 latency , one may even hope
to have special triple coincidences trigger with the central detector and240m stations.
The effect of such a system is demonstrated in Figure 8.10, where the triggering effi-
ciency is shown as a function of the most energetic lepton of the pair for two trigger
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paths already existing in the currentHLT menu1. The efficiencies have been com-
puted usingpp(γγ) → pℓ̃+Rℓ̃

−
Rp Monte-Carlo events generated at the LM1 point and

information from HLT process. The simulation of the proton propagation in the beam-
line is done withHECTOR assuming the usual set of forward detectors. The binning
changes betweenpT below 40 Gev (1 GeV−1) and above (10 GeV−1) due to statistics
matter.

One can notice that up topT = 30 GeV, the efficiency curves for the event tagged in
HPS follow the ones with central detection only, with a difference of the order of20%

less due to intrinsic forward detector acceptance. After this threshold, the produced
dileptonic events are usually too heavy to have their 2 forward protons tagged, and
then efficiency starts to decrease.

Summary

The first exploratory study of two-photon production of BSM pairs showed that in-
teresting results can be extracted with significant statistics available, though the pro-
duction rates are low relative topp rates. As an academic example, the present study
showed that for a signal cross-section 140 times smaller than the SM background (0.8
vs 108.5 fb), an efficient selection leads to a significant amount of exclusive signal
over a largely-suppressed background. For higher mass searches, stringent cuts on
Wmiss andWγγ would compensate the decrease of expected signal rate.

It also proves that the insertion of a dedicated very-forward proton detection system,
when accompanied with fast timing detectors, would bring valuable and accurate mea-
surements of the BSM model properties, as the mass spectrum.

1HLT DoubleMu3 andHLT DoubleEle10
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Conclusion

Two-photon interactions at theLHC, although they suffer from relative low cross-
sections, turn out to be an important physics channel to consider in order to achieve
the CMS goal to probe various new sectors in physics. Expected ratesand available
γγ energies allow for novel and unique measurements already at

√
s = 7 TeV.

The first measurement of two-photon production at the with the CMS detector showed
the feasibility to select effectively exclusive pairs evenwithin pileup environment.
With limited statistics, the exclusivity and kinematics selections demonstrated the ca-
pability to discriminate the elastic-elastic signal from other sources of (semi-exclusive
and inclusive) dimuon events.

In particular, the application of track-based exclusivityconditions, which consist to
veto events with any track originating from 2 mm around the dimuon vertex, proved to
be an excellent alternative to the usual calorimeter veto inorder to suppress inclusive
events. Remaining background was separated from fitting thesingular kinematical
distribution of thepT of the pair. Although it exists limited statistics in the side-band
region which bring large uncertainty on the inelastic yield, an excellent agreement be-
tween data and the LPAIR predictions are observed when applying the best-fit values.
That is the case for the single muon quantities (φ, pT , η) as well as for muon pairs
kinematics (pT (µµ), η(µµ), ∆pT , ∆φ, . . .)

With additional events which will be recorded in 2011, a clearer modelling of the
single-inelastic component will be possible. And hence, the total integrated luminos-
ity could be measured with a few percent uncertainty only.

The observation ofJ/Ψ andΥ photo-produced events also opens up the ability to
measure exclusive vector meson cross-sections at an energywell above theHERA

scale. Backgrounds still need to be understood, including the inelastic component and
the contamination from central exclusive production ofχ states. In addition, for the

173



low-mass states, it also needs to come with an accurate simulation of the endcap re-
gion for the detection of low-pT muons.

The agreement between data andγγ → µ+µ− Monte-Carlo expectations also tends
to promote this process to calibrate the future High Precision Spectrometer, aiming
to detect forward scattered protons. The integration of such dedicated forward track-
ing system into theCMS trigger and reconstruction scheme would bring an enormous
advantage to the two-photon physics. Since both hard scatter and outgoing protons
would be detected, a useful set of extra information is available for physics analysis.
For instance, for the two-photon production of supersymmetric pairs, theγγ invari-
ant mass and the missing mass distributions contain directly valuable information on
the SUSY mass spectrum without recourse to complex analysismethods. Combina-
tion of both even leads to precise mass reconstruction of some SUSY particles on an
event-by-event basis with a few GeV resolution.

Although the benchmark point studied has already been ruledout by the first 2010
data analysis, the method remains valid and extremely powerfull to detect and mea-
sure two-photon production of more massive SUSY pairs, or any other ’new physics’
signal produced exclusively. The only limitation comes from the statistics collected
and the maximum photon energy tagging limited to∼ 700 GeV.

With realistic physics case andLHC beam parameters, simulations show that contam-
ination from accidental forward proton hits in coincidencewith triggered event in the
centralCMS detector would contribute at a negligible level for relatively low pileup en-
vironment (〈N〉 ≃ 5). Such suppression of the overlap background may be achieved
using similar techniques of track-veto exclusivity conditions as the one developed in
theγγ → µ+µ− analysis.

However, with the increase of luminosity, the rate of accidental triple coincidence
background becomes so large that an extra technique of background suppression has
to be added. Comparing the central vertex and the ”pp” vertex reconstructed withz-
by-timing method, it was demonstrated that roughly95% of the overlap background
are rejected through this method with a10 ps resolution on proton time of arrival.
Such precisions have already been achieved withGASTOF prototypes at recent Test
Beam, and some improvements are yet possible (mirror beam wall, lens, etc.). The
C++ simulation of the detector developed may be of help to searchfor the best design.



The study of two-photon interactions at theLHC brought me the opportunity to be in
touch with various aspects of the modern high-energy physics. From the Monte-Carlo
generation of these processes, with the complex simulationof the proton remnant
hadronisation. Through the experimental characterization of the exclusivity condi-
tions, dealing with standard high-level objects from theCMS reconstruction and with
sub-detectors components. Also through the creation of an analysis code to effectively
select events of interest among the huge amount of availabledata, by applying both
purity and physics-motivated criteria. Finally, with the statistical treatment of these
data and their interpretation. For theGASTOF project, I entered in the world of fast
electronic, precision measurement and hardware R&D, whichwere far from my initial
skills. In conclusion, a bit of everything. . .





Appendix A

Trigger muon paths

TheHLT online muon selection is actually a chain composed of two different types of
pieces: the muon reconstruction ones and the filter logic ones. The muon reconstruc-
tion is common to all paths containing muons and is performed, independently of the
trigger path called, on all muon candidates (up to 4) which have passed an initial filter
based onL1 trigger info. The fullHLT reconstruction processes in 5 steps:

1. seed creation fromL1 muon candidates

2. L2 (stand-alone) muon reconstruction

3. calorimetric isolation

4. L3 (global) muon reconstruction

5. tracker isolation

with a series of filters, specific to each path, placed among reconstruction steps to stop
the trigger sequence if the muon candidates don’t satisfy some given conditions.

The 3 double muon trigger paths used for the online selectionare:

• HLT DoubleMu0: Seeded by theL1 bit L1 DoubleMuOpen, it requests at
least twoL3 muons, without anypT cut. EachL3 muon is seeded by aL2

muon, also without anypT cut, and must be separated by at most2 cm from the
beam spot (in∆(XY )).
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• HLT DoubleMuOpen: Seeded by theL1 bit L1 DoubleMuOpen, it requests
a muon pairs without any further selection beyondL1.

• HLT DoubleMu3: Seeded by theL1 bit L1 DoubleMu3 (up to run 147116)
or L1 DoubleMuOpen (from run 147196), it requests twoL3 muons with
pT > 3 GeV. EachL3 muon is seeded by aL2 muon withpT > 3 GeV and
must be separated by at most2 cm from the beam spot (in∆(XY )).

• HLT DoubleMu0 Quarkonium v1: Available in the menu2E32, it similar
to theHLT DoubleMu0 except that it triggers only on opposite sign muons,
and for masses within1.5 < m < 14 GeV.

At the boundary betweenRun2010A andRun2010B eras, a major modification
was done in the reconstruction algorithm of theL3 muons, therefore changing the
nameHLT DoubleMu3 toHLT DoubleMu3 v2. In the first period, theOutside−
InState algorithm was used, consisting in a usual propagation of theL2 state to the
outer tracker layer and the use of that seed for the tracker pattern recognition.

On the contrary, the ”cascade” algorithm is an intelligent combination of the different
L3 seeders which work separately and sequentially: first theOutside−InState seed
builder, then theOutside − InHit seed builder (use of the propagatedL2 state plus
one hit to make the seed), and finally theInside− outHit seed builder (use of pixel
pairs or triplets in the tracking region aroundL2 state as a seed). The cascade stops
when one algorithm leads to aL3 muon, otherwise goes to the next seeder. In95%

of the time, the cascade coincides with theOIState algorithm, but in5% of failure
theOIHit andIOHit are increasing the efficiency, especially for low−pT L2 muons.



Appendix B

Ray Tracing plots

Technical plots, mainly dependence of reflection/refraction/transmission power with
the incoming photon wavelength, are shown in Figures B.1 to B.7 as they are in use
for the ray tracing simulation.

The distribution of proton initial positions is shown in Figure B.1 in 2 dimensionnal
view. On thex axis, the originx = 0 stands on the position of the closestGASTOF

wall to the beam, and corresponds to a beam-distance of2.5 mm which is assumed for
HPS-240 (z > 0), i.e. x = 0 on the plot corresponds tox = 2.5 mm with respect to
theLHC coordinates.

The refraction index of theC4F10 gas running with the incoming proton energy is
displayed in Figure B.2. It varies fromn = 1.0017 to 1.0013 in the energy regime of
work.

The mirror reflectance is shown in Figure B.3 as a function of the photon wavelength,
derived from ”Optics for Reasearch” web data[109]. One can notice that the metal-
lic front-surface mirror used has reflectance between60% and90% in the ultra-violet
regime.

The lens transmission power from Figure B.4 has been derivedfrom ”Edmund Optics”
web data[110]. The transmission is constant around90% for the wavelengths under
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Figure B.1: Two-dimensionnal distribution of the proton entrance positions inGASTOF, de-
rived from realistic scattered forward proton distributions frompp(γγ) → pW+W−p pro-
cesses with protons detected on both sides and|η(X)| < 2.5.
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Figure B.2:Refractive index dependence of theC4F10 gas with the wavelength.

consideration.

The quartz refractive index, which is used to simulated the time delay in the3.2 mm
quartz layer front of the photo-cathode, is shown in Figure B.5, derived from a for-
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Figure B.3:Metallic Ultraviolet mirror reflectance dependence with the wavelength.
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Figure B.4:Calcium Fluoride lens transmission dependence with the wavelength.

mula in [111].

The quantum efficiency of 2 tubes used in the prototypes, are displayed in Figure B.6
(right). Once can notice a drop of the efficiency outside the[] nm range for the com-
monly usedR3809U-50. The QE has been derived from the photo-cathode sensitiv-
ity taken from ”Hamamatsu” web data [112] and displayed on the same figure.
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Figure B.5:Quartz refractive index dependence with the wavelength.
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Figure B.6:Photo-cathode sensitivity and derived quantum efficiency forR3809U-50 (blue
plain) andR3809U-58 (dash red) MCP-PMTs.

Finally, the single photo-electron response modelling hasbeen taken from the Pulse
Height distribution from Figure B.7 taken from [112].
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Figure B.7:Measured pulse-height distribution for single photo-electron signal.
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Appendix C

The LM1 supersymmetric
benchmark point

The MSSM parameters for the LM1 point considered in the analysis are the following:

m0 = 60 GeV, m1/2 = 250 GeV, tg(β) = 10, sign(µ) = +1, A0 = 0;

and the corresponding masses of supersymmetric particles derived from running the
renormalization group equations from parameters above arelisted below, together
with the cross-section value for two-photon production using the EPA:

•m(ẽ±R) = m(µ̃±
R) = 118 GeV σ(pp(γγ) → pℓ̃+Rℓ̃

−
Rp) = 0.399 fb

•m(ẽ±L ) = m(µ̃±
L ) = 187 GeV σ(pp(γγ) → pℓ̃+L ℓ̃

−
Rp) = 0.091 fb

•m(τ̃±1 ) = 111 GeV σ(pp(γγ) → pτ̃+
1 τ̃

−
1 p) = 0.518 fb

•m(τ̃±2 ) = 190 GeV σ(pp(γγ) → pτ̃+
2 τ̃

−
2 p) = 0.085 fb

•m(χ̃±
1 ) = 178 GeV σ(pp(γγ) → pχ̃+

1 χ̃
−
1 p) = 0.602 fb

•m(χ̃±
2 ) = 360 GeV σ(pp(γγ) → pχ̃+

2 χ̃
−
2 p) = 0.041 fb

•m(H±) = 381 GeV σ(pp(γγ) → pH+H−p) = 0.041 fb

The Lightest Supersymmetric Particle (LSP) in this model isthe first neutralinõχ0
1

with a corresponding mass of96 GeV.
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The Pythia software was used to perform the decay and hadronisation steps. The
dominant branching ratios for various SUSY states are listed in Table C.1.

Process Branching Ratio Process Branching Ratio
ℓ̃−L → χ̃0

1 + ℓ− 91.82% τ̃−

2 → χ̃0
1 + τ− 85.88%

χ̃−

1 + νℓ 5.53% χ̃−

1 + ντ 9.34%

χ̃0
2 + ℓ− 2.65% χ̃0

2 + τ− 4.77%

ℓ̃−R → χ̃0
1 + ℓ− 100% χ̃+

1 → τ̃+

1 + ντ 46.44%

ν̃τ + τ+ 19.01%

τ̃−

1 → χ̃0
1 + τ− 100% ν̃e + e+ 17.03%

ν̃µ + µ+ 17.03%

χ̃0
1 + W+ 0.48%

Table C.1:Relevant decay processes for produced supersymmetric particles inthe LM1 bench-
mark point.
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